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Abstract 
Design, Synthesis, and Monitoring of Light-Activated 
Motorized Nanomachines  
by 
Pinn-Tsong Chiang 
Our group has developed a family of single molecules termed nanocars, which are 
aimed at performing controllable motion on surfaces. In this work, a series of light-
activated motorized nanomachines incorporated with a MHz frequency light-activated 
unidirectional rotary motor were designed and synthesized. We hope the light-activated 
motor can serve as the powering unit for the nanomachines, and perform controllable 
translational motion on surfaces or in solution. 
A series of motorized nanovehicles intended for scanning tunneling microscopy 
(STM) imaging were designed and synthesized. A p-carborane-wheeled motorized 
nanocar was synthesized and monitored by STM. Single-molecule imaging was 
accomplished on a Cu(111) surface. However, further manipulations did lead to motor 
induced lateral motion. We attributed this result to the strong molecule-surface 
interactions between the p-carborane-wheeled nanocar and the Cu(111) surface and 
possible energy transfer between the rotary motor and the Cu(111) surface. To fine-tune 
the molecule-surface interactions, an adamantane-wheeled motorized nanocar and a 
three-wheel nanoroadster were designed and synthesized. In addition, the STM substrates 
will be varied and different combinations of molecule-surface interactions will be 
studied. 
As a complimentary imaging method to STM, single-molecule fluorescence 
microscopy (SMFM) also provides single-molecule level resolution. Unlike STM 
experiment requires ultra-high vacuum and conductive substrate, SMFM experiment is 
conducted at ambient conditions and uses non-conductive substrate. This imaging method 
allows us to study another category of molecule-surface interactions. We plan to design a 
fluorescent motorized nanocar that is suitable for SMFM studies. However, both the 
motor and fluorophore are photochemically active molecules. In proximity, some 
undesired energy transfer or interference could occur. A cyanine 5- (cy5-) tagged 
motorized nanocar incorporated with the MHz motor was designed and synthesized in 
order to minimize the potential energy transfer or interference between the motor and the 
fluorophore.  The SMFM study of this cy5-tagged motorized nanocar is currently 
undergoing. 
The design of light-activated motorized nanocar inspired the design of 
nanosubmarines. We used fluorescence quenching and fluorescence correlation 
spectroscopy (FCS) to study the diffusion of single molecules. The fluorescence 
quenching experiments of Ru(bpy)3
+2
 by a quenching nanosubmarine was conducted, but 
no motor induced acceleration of the molecule were observed. Another fluorescent 
nanosubmarine was monitored by FCS, and no increase of diffusion coefficient was 
found. Finally, a 1-D channel approach was adopted for decreasing the effects of 
Brownian motion, and acceleration of nanosubmarine was observed. 
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Chapter 1. Toward a Light-Driven Motorized Nanocar: 
Synthesis and Initial Imaging of Single Molecules 
 
Note: This chapter was copied and modified in whole with permission from a paper that I 
co-authored.
1
 Copyright 2012 American Chemical Society.  
  
2 
1.1. Introduction 
Organic synthesis has recently been applied to the construction of single-molecule 
machines. These nanomachines include, for example, switches,
2
 shuttles,
3
 and muscles
4
 
that were designed to perform their namesake functions at the molecular level when 
proper external stimuli are applied. We recently developed a family of nanovehicles 
termed nanocars
5,6
 that were designed to operate on surfaces and to be studied at the 
single-molecule level. They were imaged by scanning tunneling microscopy (STM) on 
metallic surfaces
7
 and non-conducting glass surfaces using single-molecule fluorescence 
microscopy (SMFM).
8,9 
The ultimate purpose of our research has been to synthesize 
nanomachines that can transport nanocargo (materials or information) from one place to 
another on a surface. The first nanocar, which comprised a chassis and two axles 
mounted with four C60 wheels, exemplified structurally controlled directional movement 
on a surface due to rolling of the wheels.
10,11
 The motion could be thermally (heated 
substrate surface) or electrically (STM-tip field) induced, thus opening the way to 
molecular-structure-defined motion at the nanoscale. Our next goal was to synthesize a 
nanomachine that can convert energy input (light or chemically powered)
12
 into 
controlled motion on a surface. Hence, we prepared the first generation motorized 
nanocar (1),
13
 intended to harvest light as fuel (Figure 1). In designing nanocar 1 we 
replaced the oligo(phenylene ethynylene) (OPE) chassis of the first C60-wheeled nanocar 
with a light-driven unidirectional molecular motor. Also, we opted for p-carborane 
wheels because C60 quenched the photoisomerization process of the molecular motor.
13-15 
We intended for the paddle-like rotor to interact with the surface and thereby generate 
force to propel the nanocar upon irradiation. 
3 
 
 
Figure 1.1. Structure of motorized nanocars. Figure 1.1. (Left) Structure of first 
generation motorized nanocar 1. The p-carborane wheels have BH at every intersection 
except the black pointed vertices, which represent C and CH positions, ipso and para, 
respectively, relative to the alkyne. (Right) Structure of the second generation motorized 
nanocar 2. Synthesis of 2 involved assembling the rotor (red), the stator (blue), and the 
axles (green) that bear carborane wheels.  
 
1.2. Design of the Second Generation Motorized Nanocar 
The kinetic parameters of the helical inversion process of nanocar 1 in solution, 
the rate determining step of the motor rotation, were obtained by proton NMR. The result 
was similar to the data obtained by Feringa and co-workers for the motor bearing two 
methoxy groups at the 2- and 7-positions on the thioxanthene stator.
16
 These results were 
encouraging since the relatively bulky p-carborane-containing axles did not alter the 
rotation of the motor. However, the slow rotation of the motor, 202 h for a complete 
rotation at ambient temperature (1.8 rotations/h at 65 °C),
13
 was a problem for surface 
4 
studies. 
Hence, a molecular motor with a lower energy barrier to rotation process was 
needed. Feringa and co-workers determined that fine-tuning of the original motor of the 
first generation nanocar greatly enhanced the rotation rate
 
by replacing the thiopyran 
rotor with a cyclopentanylidene rotor.
17,18
 This increased the rotation rate by 10
12
, 
producing a MHz unidirectional molecular motor. Accordingly, we designed the second 
generation motorized nanocar 2 (Figure 1). Here, we report the synthesis of 2 and its 
imaging by STM at low temperatures. This is a powerful method for the investigation of 
single nano-machines on a surface,
19
 because thermal motion is suppressed. Moreover, it 
permits manipulation of single functional molecules by inducing internal changes,
20
  
lateral motion on a surface
21 
or chemical modifications.
22
 Furthermore, the changes 
within one and the same molecule upon light illumination from outside the ultrahigh 
vacuum chamber can be studied.
23
 The molecular functions can thus be probed at the 
single molecular level with the complete information of the atomic-scale environment of 
each individual molecule.  
5 
1.3. Syntheis of the Core Molecular Motor  
  
Scheme 1.1. Synthesis of molecular motor 9. 
 
  
Our plan to synthesize nanocar 2 involved a modular approach in which the 
coupling of the axles and the stator represent the last step. According to Scheme 1.1., 
heating ketone 3 to reflux in an ethanol and hydrazine solution produced the rotor, 
hydrazone 4.
24
 The conversion of ketone 5 into thione 6 was improved by decreasing 
both the concentration and the reaction time from that in the published procedure.
13
 The 
key step, generation of the sterically hindered double bond between the rotor and the 
stator, utilized the Barton-Kellogg coupling. Hydrazone 4 was oxidized to the unstable 
diazo intermediate 7 using manganese dioxide with careful temperature control. The 
inorganic residue was removed by filtration in a Schlenk-type set-up. Thione 6 was added 
6 
portionwise to the deep-purple filtrate. A [2+3] cycloaddition occurred and evolution of 
nitrogen gas indicated the formation of episulfide 8. The white solid episulfide 8 was then 
treated with trimethyl phosphite in a screw-capped tube at 130 °C to afford molecular 
motor 9 in both chiral forms. As we plan to investigate individual molecules on surfaces, 
it was unnecessary to resolve the enantiomers. 
  
1.4. NMR Characterization of Molecular Motor 
We confirmed the structural integrity of key intermediate motor 9 using NMR 
techniques. All of the protons of motor 9 were unambiguously assigned with the 
assistance of correlation spectroscopy (COSY), nuclear Overhauser enhancement 
spectroscopy (NOESY), distortionless enhancement by polarization transfer spectroscopy 
(DEPT), heteronuclear single-quantum correlation spectroscopy (HSQC) and 
heteronuclear multiple-bond correlation spectroscopy (HMBC) experiments as detailed 
by the nuclear Overhauser enhancement (NOE) correlation arrows in Figure 2a and the 
accompanying spectrum.  
The chemical shift difference steadily decreases between corresponding protons 
on the two benzene rings on the thioxanthenene stator:  (Ha, Ha’) = 1.10 ppm,  (Hb, 
Hb’) = 0.23 ppm and  (Hc, Hc’) = 0.04 ppm, consistent with the steadily increasing 
distance of these pairs from the rotor. The chemical shifts of protons Hh, Hi and Ha reflect 
the shielding effect caused by the presence of an aromatic ring directly above Ha or 
directly below Hh and Hi. Compared to Hh and Hi, the most shielded aromatic protons in 
precursors 3 and 4 are at 7.49-7.5225 and 7.32-7.38,24 respectively; compared to Ha, the 
most shielded aromatic protons in precursors 5 and 6 are at 7.4326 and 7.46,13 
7 
respectively. Interestingly, no NOE signals were found between Ha, Hi and Ha, Hh; this 
can be rationalized by the helical structure of the rotor as seen in Figure 2b.  Proton Hi 
exhibits the most complex lineshape among the aromatic  protons (more clearly shown in 
the Supporting information); not only does Hi couple to Hf, Hg, and Hh, but the COSY 
experiment also reveals coupling between Hi and each of the CH2 protons. 
 
 
Figure 1.2. (a) Partial 
1
H NMR (500 MHz, CDCl3) at 295 K of molecular motor 9. 
Selected NOE signals (double-headed arrows) were used to assign individual proton 
signals in the aromatic region as indicated in the top left structure. (b) Ball-and-stick 
model of the energy-minimized (R)-isomer of motor 9 (Materials Studio with forcite 
force field). 
 
8 
1.5. Assembly Line of the Second Generation Motorized Nanocar 
We attempted the final assembly (Scheme 1.2., route I) of nanocar 2 using a 
method similar to our synthesis of nanocar 1.
13
 However, the subtle structural differences 
between the motors produced a remarkable difference in reactivities. Sonogashira 
coupling between trimethylsilylacetylene (TMSA) and 9 using conventional Pd(PPh3)2Cl2 
and CuI conditions did not afford the desired bis-coupled product, probably due to steric 
hindrance between the bromine atoms and the naphthalene rotor unit. Thus, a more 
reactive catalyst developed by Fu and co-workers
27
 was used, but the result was 
disappointing because of a high degree of decomposition. Therefore, the more stable 
alkyne source, triisopropylsilylacetylene (TIPSA) was reacted with dibromide 9. In a 
mixture of 6:1 NEt3/THF as base and solvent, the Sonogashira coupling smoothly gave 
TIPS-protected bis-acetylene motor 10 in excellent yield. Compound 10 was deprotected 
using TBAF, producing dialkyne 11 in quantitative yield. Sonogashira coupling was used 
between dialkyne 11 and previously reported axle 12
13
 using Pd(PPh3)4 and CuI as 
catalysts to produced nanocar 2 in moderate yield. Therefore, we tried a more convergent 
synthetic pathway (Scheme 2, route II) by utilizing Sonogashira coupling between motor 
9 and alkynylated axle 13
7 
by applying conditions analogous to those for the synthesis of 
10. Motorized nanocar 2 was thus obtained but in lower overall yield than that obtained 
from route I. 
 
 
 
9 
Scheme 1.2. Synthesis of the second generation motorized nanocar 2 through two 
different approaches 
 
 
1.6. STM Imaging of the Motorized Nanocar 2 
We evaporated nanocar 2 thermally under ultrahigh vacuum conditions onto a 
clean Cu(111) surface with large, flat terraces and imaged the surface by low temperature 
STM. If very low coverages are chosen, we find clean terraces and all molecules 
adsorbed at the step edges. This shows that the molecules, although being rather large and 
thus exhibiting significant interaction with the metal surface, are mobile at room 
temperature and diffuse to the step edges where they are bound more strongly than on a 
terrace. However, for a clear insight into molecular motion upon external stimuli, as STM 
10 
manipulation or light illumination, adsorption of the molecules on a flat terrace is 
preferred, because the environment is equal for all molecules and the diffusion barrier is 
lower. Hence, we have deposited larger coverages of molecules onto the surface to 
saturate the step edges and force the molecules to adsorb on the terraces. On the resulting 
surface (Figure 3a) single molecules are indeed found (as marked by circles). In addition 
to them, we also observe a significant number of small protrusions that might represent 
single carborane groups, which are either present in small amounts in the molecular 
substance, but due to their small weight appear in large numbers on the surface,
28
 or 
result from molecular fragmentation during deposition. Furthermore, islands are present 
on the terraces, which contain nanocar 2 molecules and unidentified small species in a 
disordered fashion. 
When studying in detail the single molecules on a clean terrace (Figure 1.3.b and 
d), we find characteristic appearances that consist of five lobes, four from the wheels and 
one from the motor. As some of the bonds in the chassis of the nanocar are rotatable, the 
two axles of the molecule can be either crossed (Figure 3b-c) or parallel (Figure 3d-e). 
When comparing the measured dimensions with those from gas phase simulations, there 
is a particularly good agreement for the lengths of the axles (d1 and d3), whereas the 
distances between opposite carborane wheels (d2 and d4) are slightly off. We assign this 
effect to the intramolecular flexibility of the central motor. Hence, the molecular 
appearance in STM images and the measured dimensions reveal that intact nanocar 2 
molecules are present on the surface. The first illumination experiments were done at a 
wavelength of 248 nm and exposure times of up to 45 min at a pulse rate of 10 Hz 
(incidence angle of about 70° from the surface normal). However, no lateral motion of 
11 
the molecules could be induced, monitoring the exactly same surface area that was 
imaged before the light exposure. 
 
12 
Figure 1.3. STM images of nanocar 2 on Cu(111) and calculated gas phase structures 
(HyperChem 7 software). (a) Overview image of the surface (white circles indicate 
wheels and motors of single molecules, partially adsorbed at defects). Intramolecular 
dimensions, determined from STM images, are compared with the calculated gas phase 
structure. Crossed axes: d1 = 1.33 nm in the STM image (b) (and 1.38 nm in the 
calculation (c)), d2 = 1.10 nm (1.07 nm), d3 = 1.39 nm (1.38 nm), d4 = 2.15 nm (2.29 nm). 
Parallel axles (d and e): d1 = 1.38 nm in the STM image (d) (and 1.38 nm in the 
calculation (e)), d2 = 1.65 nm (1.42 nm), d3 = 1.37 nm (1.38 nm), d4 = 1.70 nm (1.51 nm). 
 
1.7. Conclusion 
 In this work, we successfully synthesized and did preliminary STM imaging of 
second generation motorized nanocar 2. We imaged single molecules after deposition 
onto Cu(111), revealing that – despite their size and complexity – it is possible to transfer 
them intact onto a surface under ultrahigh vacuum conditions. Their appearance in the 
STM images is in good agreement with the molecular dimensions in the gas phase and, 
according to their chemical structure, two typical conformations are identified. However, 
lateral motion on the surface, in particular by activating the molecular motor, could not 
be achieved in our initial experiments. This was probably due to the strong coupling 
interaction between the nanocar 2 and the Cu(111) surface. Future experiments will also 
focus on using different metallic and non-metallic surfaces to modify the molecule-
surface coupling in a controlled way. As a complementary imaging method, SMFM has 
been used to monitor rolling motion of many fluorescent nanocars synthesized in our 
13 
group.
8,9
 We are investigating possibility of making the fluorescent motorized nanocars 
that have excitations and emission at a usable region.  
 
1.8. Contributions 
I finished and optimized all the synthetic tasks based on the previous work of Jason M. 
Guerrero. Jazmin Godoy helped on synthesizing nanocar 2 with route II. Johannes Mielke, 
Dr. Carlos J. Villagómez, and Dr. Alex Saywell did the STM imaging in the laboratory of 
Leonhard Grill at Fritz-Haber-Institute, Berlin. Dr. Lawrence B. Alemany analyzed the 
structure of 9 by NMR.  
 
1.9. Experimental Section 
1.9.1. The Motorized Nanocar 2 STM Imaging Procedure 
The scanning tunnelling microscopy (STM) experiments have been performed in 
an ultra-high vacuum (UHV) chamber with a base pressure of 10
-10
 mbar. The Cu(111) 
surface has been cleaned through repeated cycles of Ar
+
 sputtering and annealing at 
400 °C. The molecules were thermally evaporated from a Knudsen cell, held at about 
300 °C onto the Cu(111) surface (at 50 °C). The STM images were taken in an Omicron 
low temperature (LT) STM working at 5.7 K using a tungsten tip. All images have been 
taken using a tip bias of –1 V and a tunnelling current of 1 pA. Gas phase calculations 
have been performed using the HyperChem 7 software. 
 
1.9.2 Experimental data for compounds 2, 4, 6, 8, 9, 10, 11, 15, 18, and 19. 
14 
General Methods. 
1
H NMR and 
13
C NMR spectra were recorded at 400 or 500 and 100 
or 125 MHz, respectively. Chemical shifts () are reported in ppm from tetramethylsilane 
(TMS). FTIR spectra were recorded using a Nicolet FTIR Infrared Microscope with ATR 
objective with 2 cm
-1
 resolution. All glassware was oven-dried overnight prior to use. 
Reagent grade tetrahydrofuran (THF) and ether (Et2O) was distilled from sodium 
benzophenoneketyl under N2 atmosphere. Triethylamine (NEt3), dichloromethane 
(CH2Cl2) and 1,2-dichloroethane were distilled from calcium hydride (CaH2) under N2 
atmosphere. THF and NEt3 were degassed with a stream of argon for 15 min before being 
used in the Sonogashira coupling reactions. All palladium-catalyzed reactions were 
carried out under argon atmosphere, while other reactions were performed under N2 
unless otherwise noted. Trimethylsilylacetylene (TMSA) was donated by FAR Research 
Inc. or Petra Research. All other chemicals were purchased from commercial suppliers 
and used without further purification. Flash column chromatography was performed 
using 230-400 mesh silica gel from EM Science. Thin layer chromatography (TLC) was 
performed using glass plates pre-coated with silica gel 40 F254 0.25 mm layer thickness 
purchased from EM Science.  
 
 
Hydrazone 4.
23
 To an oven dried round-bottom flask charged with ketone 3
23
 (1.96 g, 10 
mmol) was added EtOH (20 mL) and hydrazine monohydrate (10 mL) through a 
condenser. The mixture was heated at reflux for 3 d. The cooled reaction mixture was 
extracted with Et2O (100 mL) and water (100 mL × 3). The organic layer was dried over 
15 
MgSO4 and concentrated under vacuum to afford hydrazone 4 as yellow solid (1.95 g, 
93%). Spectroscopic data were identical to those in the literature. Caution: since 
hydrazone 4 is reactive toward acetone, all containers used should be completely acetone-
free. 
 
 
2,7-Dibromo-thioxanthene-9-thione (6).
12
 To an oven dried two-neck round-bottom 
flask charged with thioxanthenone 5
12
 (3.25 g, 8.78 mmol) and P4S10 (10 g, 22.5 mmol) 
was added toluene (250 mL) and the mixture was heated at reflux for 2 d. The mixture 
was filtered while hot, and the filtrate was collected. The brownish solid that formed 
upon cooling was filtered, and solid was collected and dried under vacuum (3.2 g, 94 %). 
Spectroscopic data were identical to those reported in the literature.
 
 
 
Episulfide 8. To an oven dried three-neck round-bottom flask charged with hydrazone 4 
(0.99 g, 4.7 mmol) and MgSO4(s) (0.49 g, 4.1 mmol) was added CH2Cl2 (25 mL). To this 
suspension was added quickly MnO2 (1.62 g, 18.8 mmol, Sigma-Aldrich > 90%) at ca. 
5 °C. The reaction flask was immediately immersed and stirred in a cold bath ranging 
from −15 °C to −10 °C for 1.5 h. After this period, the reaction mixture was cooled to 
−50 °C and then transferred to a Schlenk filtration tube connected to an oven dried three-
16 
neck round-bottom flask. The deep-purple filtrate that contained intermediate 7 was 
collected, and the Schlenk tube was rinsed with pre-cooled CH2Cl2 (20 mL, −50 °C). To 
the flask containing the combined filtrate, thione 6 (0.97 g, 2.5 mmol) was added 
portionwise until no more N2 evolved. The mixture was stirred for an additional 0.5 h at 
ambient temperature. The mixture was poured into MeOH (80 mL) with vigorous stirring 
and a white precipitate formed. The solid was filtered, and the filter cake was washed 
with MeOH (30 mL) and dried under vacuum to afford the desired compound 8 (1.19 g, 
84%): m.p. 204 °C (decomp); FTIR (neat) 3078, 3070, 3050, 2974, 2954, 2934, 2898, 
2866, 2840, 1616, 1580, 1568, 1556, 1514, 1456, 1436, 1382, 1372, 1252, 1212, 1160, 
1132, 1112, 1080, 1052, 1024 cm
−1
; 
1
H NMR (400 MHz, CDCl3)  8.89 (d, J = 8.8 Hz, 
1H), 8.00 (d, J = 2.0 Hz, 1H), 7.83 (d, J = 2.0 Hz, 1H), 7.56 (d, J = 8.2 Hz, 1H), 7.54 (d, 
J = 7.8 Hz, 1H), 7.40–7.34 (m, 2H), 7.29 (d, J = 8.2 Hz, 1H), 7.26–7.20 (m, 1H), 7.18 (d, 
J = 8.2 Hz, 1H), 6.84 (dd, J1 = 8.2 Hz, J2 = 2.0 Hz, 1H), 6.77 (d, J = 8.2 Hz, 1H), 3.43 
(dd, J1 = 6.6 Hz, J2 = 15.4 Hz, 1H), 2.44 (d, J = 15.6 Hz, 1H), 1.57 (qd, J1 = 6.9 Hz, J2 = 
6.6 Hz), 1.12 (d, J = 6.9 Hz, 3H); 
13
C NMR (100 MHz, CDCl3)  142.5, 140.9, 136.2, 
135.3, 134.4, 134.1, 132.6, 131.8, 130.81, 130.76, 130.1, 129.7, 129.4, 128.2, 127.8, 
127.6, 124.5, 124.4, 124.0, 123.4, 120.9, 120.0, 72.2, 60.8, 40.5, 38.1, 21.8; HRMS 
(APCI) m/z calcd for [M+H]
+
 C27H19Br2S2 564.9295, found 564.9275. 
 
 
17 
2,7-Dibromo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene (molecular motor 9). To a 200 mL screw-capped tube charged with 
episulfide 8 (524 mg, 0.960 mmol) was added trimethyl phosphite (9.6 mL), and the 
mixture was stirred at 130 
°
C for 14 h. After the reaction mixture was cooled to room 
temperature, MeOH (30 mL) was added. The precipitate was filtered and washed with 
MeOH (20 mL). The solid was purified by column chromatography (silica gel, 10% 
CH2Cl2 in hexanes) to afford compound 9 as a pale yellow solid (485 mg, 94%): m.p. 
245–246 °C; FTIR (neat) 3072, 3046, 3032, 3008, 2952, 2920, 2859, 2848, 1616, 1612, 
1576, 1568, 1558, 1548, 1540, 1512, 1452, 1440, 1394, 1380, 1362, 1346, 1284, 1256, 
1204, 1196, 1180, 1152, 1140, 1128, 1084, 1074, 1052 cm
−1
; HRMS (APCI) m/z calcd 
for [M+H]
+
 C27H19Br2S 532.9574, found 532.9550. For NMR spectroscopic data, see 
analyses in section 1.9.3. 
 
 
(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-thioxanthene-
2,7-diyl)bis(ethyne-2,1-diyl)bis(triisopropylsilane) (molecular motor 10). To a 20 mL 
screw-capped tube charged with molecular motor 9 (190 mg, 0.356 mmol), 
Pd(PhCN)2Cl2 (20.8 mg, 0.054 mmol), HP
t
Bu3BF4 (31.1 mg, 0.107 mmol) and CuI (20.4 
mg, 0.107 mmol) were added NEt3 (3 mL), THF (0.5 mL) and TIPSA (0.61 mL, 2.75 
mmol). The reaction was stirred at 60 °C for 12 h and then cooled to room temperature. 
The mixture was quenched with saturated ammonium chloride aqueous solution 
18 
(NH4Cl(aq); 20 mL) and extracted with Et2O (30 mL). The organic phase was washed with 
water (30 mL), dried over MgSO4, and filtered, and the filtrate was concentrated under 
vacuum. The crude product was purified by column chromatography (silica gel, 10% 
CH2Cl2 in hexanes) to afford the desired product 10 as a pale yellow solid (245 mg, 
94%): m.p. 154–156 °C; FTIR (neat) 2942, 2920, 2888, 2860, 2148, 1620, 1588, 1548, 
1512, 1454, 1386, 1366, 1212, 1164, 1136, 1076, 1052, 1012 cm
−1
; 
1
H NMR (500 MHz, 
CDCl3)  7.83 (d, J = 1.7 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.65 (br d, J = 8.2 Hz, 1H), 
7.52 (dd, J1 = 8.0 Hz, J1 = 0.3 Hz, 1H), 7.46 (dd, J1 = 8.0 Hz, J2 = 0.5 Hz, 1H), 7.41 (d, J 
= 8.2 Hz, 1H), 7.34 (dd, J1 = 8.2 Hz, J2 = 1.7 Hz, 1H), 7.16 (ddd, J1 = 7.4 Hz, J2 = 7.4 Hz, 
J3 = 1.3 Hz, 1H), 7.07 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 1H), 6.84–6.79 (m, 1H), 6.77 (dd, J1 
= 8.0 Hz, J2 = 0.6 Hz, 1H), 6.72 (dd, J1 = 1.8 Hz, J2 = 0.5 Hz, 1H), 4.22 (qd, J1 = 6.8 Hz, 
J2 = 6.0 Hz,1H), 3.68 (dd, J1 = 15.6 Hz, J2 = 6.0 Hz, 1H), 2.65 (d, J = 15.6 Hz, 1H), 1.15 
(br s, 21H), 0.91 (br s, 21H), 0.84 (d, J = 6.8 Hz, 3H); 
13
C NMR (125 MHz, CDCl3)  
147.4, 145.7, 139.4, 137.5, 136.2, 135.4, 134.6, 133.0, 132.5, 131.2, 130.4, 129.7, 129.2, 
128.6, 128.0, 127.7, 127.1, 126.4, 125.8, 124.8, 124.3, 123.5, 121.9, 121.6, 106.9, 106.3, 
91.4, 90.3, 39.7, 37.5, 19.8, 18.7, 18.5, 11.3, 11.1; HRMS (APCI) m/z calcd for [M+H]
+
 
C49H61SSi2 737.4033, found 737.4003. 
 
 
2,7-Diethynyl-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene (molecular motor 11). To an oven-dried three-neck round-bottom flask 
19 
charged with molecular motor 10 (120 mg, 0.163 mmol) was added TBAF (1.2 mL, 1 M 
solution in THF) and THF (2.4 mL). The reaction was stirred for 1.5 h at room 
temperature. The mixture was extracted with CH2Cl2 (25 mL) and water (30 mL). The 
organic layer was dried over MgSO4, concentrated, and purified by column 
chromatography (silica gel, 25% CH2Cl2 in hexanes) to afford desired compound 11 as a 
pale yellow solid (69 mg, 100%): m.p.  230 °C (decomp); FTIR (neat) 3286, 3072, 3046, 
3032, 3008, 2956, 2952, 2918, 2898, 2860, 2846, 2106, 1616, 1586, 1548, 1512, 1448, 
1386, 1312, 1264, 1204, 1162, 1140, 1132, 1062, 1052, 1028 cm
−1
; 
1
H NMR (400 MHz, 
CDCl3)  7.90 (d, J = 1.6 Hz, 1H), 7.76 (d, J = 8.4 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.55 
(d, J = 8.0 Hz, 1H), 7.51 (d, J = 7.6 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.36 (dd, J1 = 8.0 
Hz, J2 = 0.8 Hz, 1H), 7.21 (ddd, J1 = 8.0 Hz, J2 = 8.0 Hz, J3 = 1.6 Hz, 1H), 7.13 (dd, J1 = 
8.0 Hz, J2 = 2.0 Hz, 1H), 6.86–6.76 (m, 3H), 4.23 (qd, J1 = 7.2 Hz, J2 = 6.4 Hz, 1H), 3.65 
(dd, J1 = 15.6 Hz, J2 = 6.4 Hz, 1H), 3.16 (s, 1H), 2.69 (s, 1H), 2.65 (d, J = 15.6 Hz, 1H), 
0.80 (d, J = 7.2 Hz, 3H); 
13
C NMR (100 MHz, CDCl3)  147.6, 146.2, 139.8, 137.6, 
136.7, 136.1, 134.4, 133.1, 132.1, 131.3, 130.6, 129.9, 129.7, 128.6, 128.0, 127.8, 127.4, 
126.4, 125.7, 124.9, 124.4, 123.7, 120.4, 120.3, 83.4, 82.7, 77.9, 77.0, 39.7, 37.9, 19.5; 
HRMS (APCI) m/z calcd for [M+H]
+
 C31H21S 425.1364, found 425.1359. 
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p-Carborane-wheeled motorized nanocar 2. Route I: An oven dried 10 mL Schlenk-
tube equipped with a stir bar was charged with molecular motor 11 (45 mg, 0.106 mmol), 
axle 12 (128 mg, 0.238 mmol), Pd(PPh3)4 (9.8 mg, 8.5 mol), and CuI (3.3 mg, 17 mol) 
to which were added NEt3 (0.15 mL) and THF (1 mL). The reaction mixture was stirred 
at 60 °C for 16 h, and then it was cooled to room temperature. The mixture was quenched 
with saturated NH4Cl(aq) (20 mL) and extracted with CH2Cl2 (30 mL). The organic phase 
was washed with water (30 mL), dried over anhydrous MgSO4, filtered, and the filtrate 
was concentrated under vacuum. The crude product was purified by column 
chromatography (silica gel, 8% CH2Cl2 in hexanes) to yield 2 as a pale yellow solid (78 
mg, 60%). Route II: Inside a glovebox, a 20 mL screw-capped tube equipped with a stir 
bar was charged with molecular motor 9 (26 mg, 49 µmol), axle 13 (63 mg, 0.146 mmol), 
Pd(PhCN)2Cl2 (4 mg, 10 µmol), HP
t
Bu3BF4 (5.7 mg, 20 µmol), CuI (4 mg, 20 µmol), 
NEt3 (3 mL), and THF (1 mL). The reaction mixture was stirred at 60 °C for 16 h, and 
then it was cooled to room temperature. The mixture was quenched with saturated 
NH4Cl(aq) (20 mL) and extracted with CH2Cl2 (30 mL). The organic phase was washed 
with water (30 mL), dried over anhydrous MgSO4, filtered, and the filtrate was 
21 
concentrated under vacuum. The crude product was purified by column chromatography 
(silica gel, 5% CH2Cl2 in hexanes) to yield 2 as a pale yellow solid (18 mg, 30%): m.p.  
200 °C (decomp);  FTIR (neat) 3060, 2956, 2924, 2866, 2846, 2610, 2208, 1594, 1488, 
1454, 1140, 1062 cm
−1
; 
1
H NMR (500 MHz, CD2Cl2)  8.03 (d, J = 1.7 Hz, 1H), 7.81 (d, 
J = 8.2 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.70–7.65 (m, 2H), 7.53 (d, J = 8.2 Hz, 1H), 
7.48–7.45 (m, 2H), 7.28–7.25 (m, 2H), 7.23 (ddd, J1 = 7.4 Hz, J2 = 7.2 Hz, J3 = 1.5 Hz, 
1H), 7.18 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 1H), 7.14–7.10 (m, 2H), 7.06 (dd, J1 = 8.0 Hz, J2 
= 1.8 Hz, 1H), 6.94 (dd, J1 = 2.0 Hz, J1 = 0.4 Hz, 1H), 6.93–6.87 (m, 2H), 4.34 (qd, J1 = 
6.8 Hz, J2 = 6.3 Hz, 1H), 3.84 (dd, J1 = 15.6 Hz, J2 = 6.3 Hz, 1H), 3.20–1.60 (br m, 45H), 
0.86 (d, J = 6.8 Hz, 3H); 
13
C NMR (125 MHz, CD2Cl2)  148.3, 147.4, 140.9, 138.5, 
137.5, 137.2, 135.6, 135.4, 134.8, 133.7, 132.8, 132.5, 132.1, 131.52, 131.50, 131.22, 
131.19, 130.3, 129.9, 129.3, 128.6, 128.5, 128.3, 127.2, 126.9, 126.8, 126.3, 125.6, 124.9, 
124.5, 124.4, 124.1, 122.6, 122.3, 121.5, 121.3, 94.7, 94.3, 91.7, 91.5, 88.4, 88.2, 87.5, 
86.8, 78.4, 78.3, 78.2, 78.0, 69.7 (br), 69.6 (br), 61.2 (br), 40.4, 38.6, 19.9; HRMS 
(APCI) m/z calcd for [M+H]
+
 C59H69
10
B7
11
B33S 1242.9096, found 1242.9124. 
 
1.9.3. NMR analyses of molecular motor 9. 
A combination of standard 1D 
1
H, 
13
C, and DEPT-135 
13
C experiments and 
standard 2D 
1
H-
1
H COSY, 
1
H-
1
H NOE, 
1
H-
13
C HSQC, and 
1
H-
13
C HMBC experiments 
obtained on a 500 MHz spectrometer yielded the assignments for 9 discussed below and 
illustrated in Figure 2 of the main text.   
 The 
1
H spectrum immediately differentiated the two CH2 protons from the 
aliphatic CH proton by the distinctive large geminal coupling constant (15.6 Hz) 
22 
exhibited by the CH2 protons at δ3.652 and δ2.664. Only the downfield CH2 proton 
exhibited a detectable J coupling (6.2 Hz) to the methine proton (δ4.186), which, 
exhibited a five-line pattern because of additional J coupling (6.9 Hz) to the methyl 
protons (δ0.832). 
The 
1
H and COSY experiments revealed two groups of signals that each 
contained three coupled aromatic protons (Ha, Hb, Hc and Ha’, Hb’, Hc’), two coupled 
protons (Hd and He), and four coupled protons (Hf, Hg, Hh, Hi) two of which (δ7.737 and 
δ6.776) were also coupled to a proton (δ7.781) in the adjacent Hd-He ring.   
Ha-Hb-Hc ring protons or Ha’-Hb’-Hc’ ring protons: δ6.794, d (J = 2.10 Hz) of d (J 
= 0.35 Hz); δ7.132, d (J = 8.30 Hz) of d (J = 2.10 Hz); δ7.414, d (J = 8.30 Hz) of d (J = 
0.35 Hz). 
Ha’-Hb’-Hc’ ring protons or Ha-Hb-Hc ring protons:  δ7.357, d (J = 8.25 Hz) of d (J 
= 2.10 Hz); δ7.455, d (J ≈ 8.3 Hz) of d (J ≈ 0.2 Hz); δ7.892, d (J = 2.05 Hz) plus 
unresolved fine structure. 
Hd-He ring protons: δ7.440, d (J ≈ 8.2 Hz, broad signals); δ7.781, d (J = 8.15 Hz, 
broad signals). 
Hf-Hg-Hh-Hi ring protons: δ6.776, d (J = 8.55 Hz, broad complex signals); δ6.855, 
d (J = 8.55 Hz) of d (J = 6.70 Hz) of d (J = 1.25 Hz); δ7.236, d (J = 8.15 Hz) of d (J = 
6.70 Hz) of d (J = 1.15 Hz); δ7.737, d (J = 8.15 Hz) of d (J = 1.25 Hz) of d (J ≈ 0.6 Hz) 
plus unresolved fine structure. 
In the Ha-Hb-Hc and Ha’-Hb’-Hc’ spin systems, the protons exhibiting only small J 
values (≤ 2.1 Hz) were attributed to Ha and Ha’ because the couplings were over at least 
23 
four bonds. Hb (Hb’) was tentatively differentiated from Hc (Hc’) on the assumption that 
4
JHH to Ha (Ha’) would be larger than 
5
JHH to Ha (Ha’).   
The upfield CH2 proton exhibited correlations to Hd and He, while the downfield 
CH2 proton also exhibited correlations to two of the four protons (δ7.236 and δ6.776) in 
the Hf-Hg-Hh-Hi ring. The long-range couplings to both of the methylene protons 
presumably account for the breadth of the Hd and He signals. The complexity of the 
δ7.737 and δ6.776 signals (more than just a d of d of d from couplings within the Hf-Hg-
Hh-Hi ring) arises from the long-range coupling of the δ7.737 and δ6.776 protons to the 
δ7.781 proton in the Hd-He ring and the long-range coupling of the δ6.776 proton with 
both of the methylene protons.  
The aliphatic methine proton (δ4.186) exhibited a correlation to the aromatic 
signal at δ7.892 but not to the signal at δ6.794. 
The NOE experiment revealed critical information on the spatial proximity of 
various protons.  In particular: 
 The presence of an NOE between the proton at δ7.892 and various aliphatic 
protons and the absence of an NOE between the proton at δ6.794 and various 
aliphatic protons enabled secure assignments for Ha’ (δ7.892) and Ha (δ6.794) to 
be made. NOEs were observed between Ha’ and the aliphatic methine proton 
(δ4.186), between Ha’ and the methyl protons (δ0.832), and between Ha’ and the 
methylene proton at δ2.664.    
 The presence of an NOE between the aromatic proton at δ7.440 and each of the 
methylene protons and the absence of an NOE between the aromatic proton at 
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δ7.781 and each of the methylene protons enabled secure assignments for Hd 
(δ7.440) and He (δ7.781) to be made. 
 The presence of an NOE between the aromatic protons at δ7.781 and δ7.737 
enabled the latter signal to be assigned to Hf, which provided a secure starting 
point for sequentially assigning the signals of the Hg (δ7.236), Hh (δ6.855), and Hi 
(δ6.776) protons through NOE.  Hi also exhibited an NOE to the methyl protons. 
 The presence of an NOE between δ6.794 and δ7.132 and between δ7.132 and 
δ7.414 confirmed the Ha (δ6.794), Hb (δ7.132), and Hc (δ7.414) assignments. 
Similarly, the presence of an NOE between δ7.892 and δ7.357 and between 
δ7.357 and δ7.455 confirmed the Ha’ (δ7.892), Hb’ (δ7.357), and Hc’ (δ7.455) 
assignments. 
 Among the aliphatic protons, the methyl protons exhibited an NOE to the methine 
proton and to each of the methylene protons; the methylene protons exhibited an 
NOE between themselves; but only one methylene proton (3.652) exhibited an 
NOE to the methine proton.  This established their cis orientation and the cis 
orientation of the methylene proton at δ2.664 and the methyl group. 
The DEPT-135 
13
C experiment immediately differentiated the CH and CH2 
carbons and differentiated the aromatic CH carbons from the fully substituted aromatic 
and alkene carbons.  The two closest aromatic CH signals differed by only 0.034 ppm. 
The 
1
H-
13
C HSQC experiment then gave specific, pairwise 
1
H/
13
C assignments 
for the 12 aromatic CH, aliphatic CH, CH2, and CH3 groups (Ha δ6.794 / Ca δ131.542, Hb 
δ7.132 / Cb δ129.190, Hc δ7.414 / Cc δ128.664, Ha’ δ7.892 / Ca’ δ130.654, Hb’ δ7.357 / Cb’ 
δ129.109, Hc’ δ7.455 / Cc’ δ129.143, Hd δ7.440 / Cd δ123.738, He δ7.781 / Ce δ130.895, 
25 
Hf δ7.737 / Cf δ128.062, Hg δ7.236 / Cg δ124.510, Hh δ6.855 / Ch δ125.003, Hi δ6.776 / 
Ci δ125.709, methine H δ4.186 / C δ37.763, methylene H δ3.652 and δ2.664 / C δ39.678, 
and methyl H δ0.832 / C δ19.642).   
The 
1
H-
13
C HMBC experiment provided at least partial assignments for the ten 
fully substituted aromatic carbons and the two fully substituted alkene carbons.   
The quaternary 
13C signal at δ125.818 exhibited a distinctive set of correlations to 
Ha, Ha’, Hc, Hc’ that enabled it to be assigned to the alkene carbon in the sulfur-containing 
ring.   
Each of the three quaternary aromatic carbons in the Ha-Hb-Hc ring exhibited at 
least one correlation to Ha, Hb, or Hc (δ141.564 with Hc at δ7.414, δ134.322 with Hb at 
δ7.132 and with Ha at δ6.794, and δ120.611 with all three of these protons) and exhibited 
no other long-range correlations.  Each of the three quaternary aromatic carbons in the 
Ha’-Hb’-Hc’ ring exhibited the corresponding correlations to Ha’, Hb’, or Hc’ (δ139.425 
with Hc’ at δ7.455, δ134.785 with Hb’ at δ7.357 and with Ha’ at δ7.892, and δ120.354 
with all three of these protons) and exhibited no other long-range correlations. The 
aliphatic methine carbon exhibited a correlation to Ha’ at δ7.892 but not to Ha at δ6.794 
(just as the aliphatic methine proton exhibited a correlation in the COSY experiment to 
Ha’ but not to Ha). 
Only the signal at δ148.160 exhibited a long-range correlation to the methyl 
protons, which was the basis for assigning this signal to the alkene carbon in the five-
membered ring.  This carbon also exhibited correlations to the aliphatic methine proton 
and both methylene protons. Each of the quaternary carbon signals at δ134.084 and 
δ146.309 exhibited correlations to the aliphatic methine proton, both methylene protons, 
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Hd, and He; these carbon signals are assigned to the two quaternary aromatic carbons in 
the five-membered ring. The signal at δ134.084 was tentatively assigned to the carbon 
next to the alkene because it, unlike the signal at δ146.309, exhibited long-range 
correlations to the Hf-Hg-Hh-Hi ring (
4
JCH to Hf at δ7.737 and 
3
JCH to Hi at δ6.776). 
Each of the aromatic CH signals at δ123.738 and δ130.895 exhibited long-range 
correlations to each of the methylene protons, consistent with their assignments above. 
The two remaining quaternary signals at δ128.597 and δ133.121 were assigned to 
the ring junction carbons in the naphthalene moiety. Each exhibited long range 
correlations to each of the six protons in the naphthalene moiety. The signal at δ128.597 
was tentatively assigned to the ring junction nearest the five-membered ring because this 
carbon exhibited correlations to both methylene protons and a weak correlation to the 
aliphatic methine proton, while the signal at δ133.121 exhibited only a weak correlation 
to one of the methylene protons. 
 
Experimental Details of NMR Analyses.  A Bruker Avance-500 spectrometer using a 
broadband observe probe with a z-axis gradient coil and the standard Bruker pulse 
programs indicated was used for these analyses.  
1
H (zg30):  30° pulse, 13.11-s FID, 5-s 
relaxation delay, 16 scans, no line broadening. COSY (cosygpqf):  2048 increments for 
an F1 digital resolution = 0.0049 ppm, 12 scans/increment, FID acquisition time = 0.41 s 
for an F2 digital resolution = 0.0024 ppm, relaxation delay = 1.5 s. NOE (noesygpph), 
mixing time = 1 s, 2048 increments for an F1 digital resolution = 0.0049 ppm, 4 
scans/increment, FID acquisition time = 0.41 s for an F2 digital resolution = 0.0024 ppm, 
relaxation delay = 1 s.  A second NOE experiment with a mixing time of 1.75 s and 8 
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scans/increment did not yield any additional information. 
13
C (zgpg):  90° pulse, 6.60-s 
FID, 5-s relaxation delay, 664 scans, 0.10-Hz line broadening. DEPT-135 
13
C (dept135):  
optimized for 
1
JCH = 145 Hz, 6.60-s FID, 5-s relaxation delay, 128 scans, 0.10-Hz line 
broadening. 
1
H-
13
C HSQC (hsqcetgp):  optimized for 
1
JCH = 145 Hz, 2048 increments for 
13
C digital resolution = 0.069 ppm (zero-filled once), 16 scans/increment. The 
13
C digital 
resolution was just enough to enable pairwise 
1
H/
13
C assignments for the 
13
C signals at 
δ129.109, δ129.143, and δ129.190. 1H-13C HMBC (hmbcgplpndqf): optimized for 1JCH = 
145 Hz, optimized for long-range JCH = 6.25 Hz, 2048 increments for 
13
C digital 
resolution = 0.077 ppm (zero-filled once), 48 scans/increment. 
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Chapter 2. Fine-Tuning the Molecule-Surface 
Interactions between Motorized Nanovehicles and 
Conductive Surfaces 
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2.1. Introduction 
Developing synthetic molecular machines has become an extremely interesting and 
challenging task for chemists.
1,2
 Recently, a family of single-molecule nanocars
3,4
 was 
developed in our group, aiming to construct nanovehicles that ultimately can controllably 
carry nanocargos. One of our short term goals is to design and synthesize self-propelled 
nanovehicles that can convert external energy into mechanical force and further generate 
controllable translational motion on surfaces. To meet this goal, we designed and synthesized 
motorized nanocars incorporating unidirectional rotary motors that are intended to assimilate 
photonic or electric energy to propel themselves on surfaces.
5,6
 The initial single-molecule 
imaging by STM techniques was accomplished. However, we are not yet able to manipulate 
on-surface translational motion by applying external energy.
5
 In a STM experiment, not only 
the surface but also the STM tip exhibits short range interaction with the deposited 
molecule.
7
 Thus, the combination of interactions between molecule, surface, light, electric 
field, and STM tip become very complicated.
7,8
 As a result, finding the suitable experimental 
conditions is extremely challenging for the future design of self-propelled molecular 
machines. 
Feringa and co-workers had successfully demonstrated a four-wheeled molecule 
(meso-(R,S-R,S)-1) that performs translational motion on a Cu(111) surface (Figure 1).
9
 
Molecule 1 consists of four unidirectional molecular rotary motor as wheels, and the rotation 
of the motorized wheels was induced by tunneling electrons from the STM tip. Sequential 
electronic and vibrational excitation produced continuous and defined conformational 
changes of the motor. Consequently, the motor rotation propelled the four-wheeled molecule 
with directional preference. 
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Figure 2.1. Structure of the four-wheeled molecule. (a) Structure of the meso-(R,S-R,S) 
isomer 1. Red arrows indicate the direction in which the rotary action of the individual motor 
units propels the molecule. (R) and (S) indicate the absolute configurations at the stereogenic 
centers. The black solid and dashed wedges of the cartoon indicate the orientations of the 
methyl groups, respectively. (b) Structural details of the rotary motor unit. The double bond 
(red) functions as the axle in rotation and undergoes trans-to-cis isomerization when 
electronically excited. Interconversion between helical conformers, arising from steric 
overcrowding in the region highlighted in blue, is achieved by vibrational excitation. The 
3 
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stereocenter in the cyclopentane ring determines the stability of each conformer and the 
direction of rotation of the motor. (c) Schematic representation of the experiment. The bias 
voltage U is applied to the sample. The electrons tunneling through the molecule excited the 
vibrational and electronic states and thus induce translational movement on the surface. 
 
2.2. Fine-tuning the molecule-surface interactions 
In contrast to the design of 1, the nanocars have highly symmetrical molecules as 
wheels and rely on the rolling mechanism for translational motions.
10,11
 Our initial 
experiments of inducing the motor rotation of the p-carborane-wheeled motorized nanocar 2 
(Figure 2) deposited on Cu(111) did not yield translational motion. We attribute this result to 
the rather strong molecule-surface interactions, including the high diffusion barrier of p-
carborane rolling motion on Cu(111),
5
 and/or energy transfer from the excited motor to the 
metallic surface. 
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Figure 2.2. Structure of the p-carborane-wheeled motorized nanocar 2. Nanocar 2 exhibited 
two possible landing conformations on a Cu(111) surface: parallel axle (left) and cross axle 
(right) conformers. Note that in the cross axle conformer, the rotor and the axle existed steric 
hindrance that might interfere with the motor rotation. Attempts to achieve motor-propelled 
motion of nanocar 2 were made by irradiating UV-lights and manipulating by STM tip. No 
lateral motion or switching between the two conformers was found. 
 
The high diffusion barrier of p-caborane on a Cu(111) surface was also found in our 
previous studies of a p-carborane-wheeled nanocar 3 (Figure 3).
12
 We had tried to use STM 
tip-generated electric field to push or drag the nanocar 3 and wished to study the rolling 
motion of nanocar 3. However, no electric field induced rolling motion was achieved. Only 
conformational switching between the parallel axle and the cross axle conformers was found. 
Likewise, the parallel axle and cross axle conformers were also found in the STM imaging of 
nanocar 2. In the cross axle conformer of nanocar 2, steric hindrance exists between the axle 
and the rotor that interfere with the motor rotation. Unlike nanocar 3, we did not accomplish 
switching between the two conformers of nanocar 2 by the STM tip.  
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Figure 2.3. Structure of the STM assembled p-carborane-wheeled nanocar 3. STM 
manipulations on a Cu(111) surface were done to study the rolling motion of nanocar 3 
through electric field gradients induced by the tip. However, only switching between the 
parallel axle and cross axle conformers was achieved. Note that no rolling motion was 
induced, which indicated the p-carborane wheel molecules exhibit rather strong molecule-
surface interactions on Cu(111).  
 
The success of motion in 1 exemplified the possibility of generating motor-propelled 
translational motion. However, 1 has a different structural design when compared to nanocars, 
and the molecule-surface interactions are different. Finding the adequate molecule-surface 
interaction is important for nanocar because the translational motion relies on rolling to give 
directionality. If the molecule-surface interaction is too weak, then the nanocar will slide on a 
surface and the directionality will be lost. On the other hand, strong molecule-surface 
interaction will increase the energy barrier for rolling and might impact the rotation of motor.  
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The following parameters can be varied for fine-tuning the molecule-surface 
interaction: 
1. The wheel type 
2. The number of the wheels 
3. The surface type. 
Since the first C60-bearing nanocar,
10,11
 many endeavors were made to find molecules, 
such as p-carborane,
6
 organometallic,
13
 and adamantane,
14
  that are suitable as wheels. By 
choosing different wheels, nanovehicles give different interactions to a surface. Another 
hybrid-wheel concept was developed in the design of nanodragster 4 (Figure 4).
15
 It consists 
of a p-carborane-wheeled axle and a C60-wheeled axle. Compared to the first C60-wheeled 
nanocar, the molecule-surface interactions is expected to be weaker. In contrast to the C60 
nanocar which required 470 K for the thermally activated translational motion on an Au(111) 
surface, the nanodragster only needed 350 K to start travelling across an Au(111) surface.  
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Figure 2.4. Structure and design of the nanodraster 4. A hybrid-wheel concept was 
developed in the design of the nanodragster. The molecule included a C60-axle and a p-
carborane-axle. The C60 wheels give strong interaction with gold surface, and the p-carborane 
wheels help maintain the directionality of the nanovehicle. The nanodragster started to show 
thermally driven translational motion at 350 K.
16
 By contrast, the four C60-wheeled nanocar 
required 470 K for the thermally driven translational motion to be observed. 
  
The number of the wheels can also impact the molecule-surface interactions. We can 
make adjustments to the design of nanovehicles. 
Lastly, varying the surface type also impacts the molecule-surface interaction. In 
addition to switching between different metallic surfaces, depositing a thin film of NaCl on a 
metal surface is a method to modify the surface yet allows STM measurements to be done. 
The thin film decouples the molecule-metal surface electronic interactions, and the increased 
lifetime of tunneling electrons also increases the yield of STM tip manipulated reactions.
8,17
  
 
2.3. Design of the adamantane-wheeled motorized nanocar and three-wheel 
nanoroadster 
Recently, single-molecule fluorescence microscopic (SMFM) diffusion studies of the 
adamantane-wheeled boron-dipyrromethene- (BODIPY-) based nanocar 5 were carried out 
on a glass surface. The results showed 67 (±10)% of the nanocar 5 were mobile on a glass 
surface under ambient conditions. In the same environment, 54 (±7)% of the p-carborane-
wheeled model 6 moved.
14
 This increase of mobility reflected a decrease of the adamantane-
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glass interaction compared to the p-carborane-glass interaction. Despite the decrease of 
molecule-surface interaction, the highly mobile nanocar 5 still retains the rolling mechanism.  
 
 
Figure 2.3. Structure of the BODIPY-based nanocars 5 and 6. The SMFM studies indicated 
that both nanocars performed micrometer scale translational motion on a glass surface with 
the rolling mechanism. By switching from p-carborane to adamantane, the wheel-glass 
interaction is decreased. As expected, nanocar 5 showed higher mobility than nanocar 6. 
 
Nanocar 5 immediately stimulated the design of the adamantane-wheeled motorized 
nanocar 7 (Figure 4). By switching the wheels of motorized nanocar from p-carborane to 
adamantane, the surface-molecule interaction of 7 is anticipated to decrease compare to its 
parent nanocar 2. Based on the STM imaging result of nanocar 2, we expect two possible 
landing conformations, the parallel axle and the cross axle conformer, for nanocar 7. In the 
cross axle conformer, steric hindrance between the axle and the rotor might inhibit the motor 
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rotation. Nevertheless, the adamantane-wheeled nanocar 7 with the correct landing 
conformation is possible in performing motor propelled translational motion. 
 
 
Figure 2.4. Structure and the two possible conformers of the adamantane-wheeled motorized 
nanocar 7. The cross axle conformer showed possible steric hindrance that might inhibit the 
motor rotation.    
 
 In addition to switching from p-caborane to adamantane wheels, it was planned to 
reduce the number of wheels. Inspired by the hybrid-wheel approach of the nanodraster 4 and 
the motorized-wheel design found in 1, a three-wheel nanoroadster 8 (Figure 5) was designed. 
The strategy was to put one adamantane-wheeled axle and one motor wheel. We expect the 
three-wheel design will still maintain the directionality preference as in previous nanocars. 
Also, the nanoroadster 8 was anticipated to have two landing conformers, the parallel wheel 
and the cross wheel conformations, on a surface. Note that the axle is attached at the 3-
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position of the stator in the nanoroadster 8 rather than at the 2-position as in nanocar 7. This 
design would avoid the possibility of steric hindrance between the axle and the motor that 
might interfere with the motor rotation.  
 
 
Figure 2.5. Structure of the three-wheel nanoroadster 8. The nanoroadster was synthesized 
with one adamantane axle, and the motor served as another wheel. Similar to the motorized 
nanocars 2 and 7, nanoroadster 8 has a parallel wheel conformer (left) and a cross axle 
conformer (right). Note that the axle is connected to the motor at the 3-position. Compared to 
nanocar 7, there is less possibility of steric hindrance between the axle and the motor that 
would interfere with the motor rotation. 
 
2.4. Synthesis of the adamantane-wheeled motorized nanocar 
 The preparation of nanocar 7 (Scheme 2.3.) involved a similar synthetic sequence for 
making the p-carborane-wheeled motorized nanocar 2.
5
 To synthesize the adamantane-
wheeled axle 9, a selective Sonogashira coupling on the iodine site of 2-bromo-1,4-
diiobenzene 10
6
 between 1-ethylnyladamantane 11 was carried out. Subsequently, treating 9 
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with tert-butyllithium followed by 1,2-diioethane afforded the iodo-axle 12. Finally, a double 
Sonogashira coupling between 12 and motor 13 yielded adamantane-wheeled motorized 
nanocar 7. 
 
Scheme 2.3. Synthesis of the adamantane-wheeled motorized nanocar 7.  
 
 
2.5. Synthesis of the Three-Wheel Nanoroadsters  
 The 3-bromothioxanthen-9-one 14 was prepared according to the literature 
procedure.
18
 The ketone 14 was converted to thione 15 with the treatment of P4S10 in toluene 
at reflux. Hydrazone 16
5
 was oxidized to the unstable diazo intermediate using manganese 
dioxide with careful temperature control. The inorganic residue was removed by filtration in 
a Schlenk-type set-up. Thione 15 was added portionwise to the deep-purple filtrate. A [2+3] 
cycloaddition occurred and evolution of nitrogen gas indicated the formation of episulfide 17. 
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The episulfide 17 was obtained as a mixture of trans- and cis-isomers form because the stator 
15 is dissymmetric. The molecular motor 18 was then made from desulfurization of 17 with 
trimethyl phosphite in a screw-capped tube at 130 °C. Note that motor 18 was obtained as a 
mixture of trans- and cis-diastereomers and both diastereomers consist of two enantiomers. 
However, the diastereomers were not separated because the trans- and cis-forms of 18 can 
interconvert in the presence of light. The structural similarity of the trans- and cis-
diasteromers also makes the separation very difficult. Because molecules were to be 
investigated individually on surfaces, it was unnecessary to resolve the enantiomers. 
 
Scheme 2.4. Synthesis of the 3-bromomolecular motor 18 
 
 
 Further Sonogahira coupling between the motor 18 and the triisopropylsilyl- (TIPS-) 
acetylene gave a good yield of 19. The TIPS protective group was removed by adding 
tetrabutylammonium fluoride (TBAF) to afford motor 20. Finally, motor 20 was coupled 
with axle 12 and yielded the desired the nanoroadster 8.  
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Scheme 2.5. Synthesis of the three-wheel nanoroadster 8. 
 
 
2.6. Imaging and Manipulations of the Adamantane-Wheeled Motorized Nanocar  
 The adamatane-wheeled motorized nanocar 7 was successfully imaged by STM on 
both Cu(111) (Figure 6) and Au(111) surfaces. Although evaporating single molecules onto 
metal surfaces is possible, the surface coverage of the nanocar 7 molecule was low. 
Compared to the p-carborane-wheeled nanocars 2, more debris was found. This indicated that 
the adamantane-wheeled nanocar 7 was less stable than the p-carborane-wheeled nanocar 2 at 
the evaporation temperature, and that the deposition method used was inferior to the original 
dosing valve method.
10,11
 
Note that no parallel axle nanocars 7 were found on surface terraces but only on the 
metal step edges. Although a single-molecule cross axle 7 was found on a terrace, it was an 
exception. During the evaporation process nanocar molecules were firstly randomly 
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deposited on a surface. Like nanocar 2, the nanocars 7 are also mobile at room temperature. 
Hence, based on the evidence, all nanocars moved to the step edges, where the molecules 
bound more strongly than on terraces. Unlike nanocar 2, it is difficult to evaporate enough 
nanocar 7 to saturate all the step edges. Consequently, it is difficult to find molecules that 
were adsorbed on a terrace, which is preferable for further manipulations.  
Nevertheless, the nanocar 7 was illuminated at wavelengths of 266 nm and 355 nm, 
but no motion was observed on both surfaces. Voltage pulses were applied to the molecules 
with the tip of the STM up to ±4 V, at which the voltage dissociated the molecules, without 
inducing directed motion or reversible change in the motor of the nanocar 7. Switching 
between parallel axle and cross axle conformations was not observed. 
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Figure 2.6. STM images of adamantane-wheeled nanocar 7 on Cu(111) and calculated gas 
phase structures (HyperChem 7 software). (a) Overview image of the surface (white circles 
indicate wheels and motors of single molecules, partially adsorbed at defects). Intramolecular 
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dimensions, determined from STM images, are compared with the calculated gas phase 
structure. Crossed axes: d1 = 1.17 nm in the STM image (b) (and 1.33 nm in the calculation 
(c)), d2 = 0.95 nm (0.95 nm), d3 = 1.28 nm (1.34 nm), d4 = 2.32 nm (2.13 nm). Parallel axles 
(d and e): d1 = 1.32 nm in the STM image (d) (and 1.32 nm in the calculation (e)), d2 = 1.64 
nm (1.61 nm), d3 = 1.30 nm (1.32 nm), d4 = 1.70 nm (1.48 nm). 
 
2.7. Attempts at Imaging the p-Carborane-Motorized Nanocar on a NaCl modified 
Cu(111) Surface 
 The STM imaging and manipulation results of p-carborane-wheeled motorized 
nanocar 2 and adamantane-wheeled motorized nanocar 7 showed no motor propelled motion 
on unmodified metal surfaces. Recently, growing a thin film of NaCl on metal surfaces has 
become a popular method for surface modifications. The presence of NaCl film decreases the 
molecule-substrate interaction, yet allows the tunneling current between the tip and the 
conducting surface to be measured. 
For the two motorized nanocars 2 and 7, cleaner sample preparation was achieved for 
the p-carborane-wheeled model 2. Therefore, we tried depositing nanocar 2 on a NaCl 
modified surface. However, finding the optimal evaporation condition was very difficult. 
Even worse, the molecule-NaCl interactions were very weak. It was not possible to obtain a 
single STM image of the p-carborane-wheeled nanocar 2 on a NaCl modified surface 
because the tip dragged or pushed the deposited molecule/fragments in the scanning mode. 
 
2.8. Conclusion and Future Work 
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 In this work, we designed new nanovehicles for fine-tuning the molecule-surface 
interactions. An adamantane-wheeled motorized nanocar 7 was synthesized, and STM 
imaging and manipulations were done. Due to the difficulties of STM sample preparation, 
nanocar 7 was difficult to find on terraces. Using a NaCl-modified metal substrate, attempts 
at imaging p-carborane-wheeled motorized nanocar 2 were done. Yet the NaCl surface 
exhibits very weak molecule-surface interactions that inhibit the obtaining of an STM image. 
In future studies, we will image the three-wheel nanoroadster 8 on different surfaces. The 
smaller molecule weight of the nanoroadster could result in cleaner preparation of STM 
samples.   
 
2.9. Contributions 
I designed and synthesized the nanovehicles. Johannes Mielke in the laboratory of Leonhard 
Grill at Fritz-Haber-Institute, Berlin designed and performed all the STM experiments. 
 
2.10. Experimental Section 
2.10.1. The Nanocar 6 STM Imaging Procedure 
The STM experiments have been performed in an ultra-high vacuum (UHV) chamber with a 
base pressure of 10
-10
 mbar. The Cu(111) surface has been cleaned through repeated cycles 
of Ar
+
 sputtering and annealing at 400 °C. The molecules were thermally evaporated from a 
Knudsen cell, held at about 300 °C onto the Cu(111) surface (at 50 °C). The STM images 
were taken in an Omicron low temperature (LT) STM working at 5.7 K using a tungsten tip. 
All images were taken using a tip bias of –1 V and a tunnelling current of 1 pA. Gas phase 
calculations have been performed using the HyperChem 7 software. 
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2.10.2. The Nanocar 2 STM Imaging Procedure on a NaCl-Modified Surface 
An Au(111) sample was cleaned by standard Ar
+
 sputtering (as described above) and 
subsequent annealing at 400 °C. NaCl was thermally evaporated from a quartz crucible (510 
°C) onto the clean Au(111) held at about room temperature. The coverage was chosen such 
that both NaCl double layer regions and gold regions could easily be found on the surface. 
The sample was transferred into the STM where it was cooled down to 5 K and the quality of 
the NaCl film could be checked. If everything was sufficiently clean, the p-carborane 
nanocars 2 were evaporated directly into the STM (sample at 5.5 K) from a tantalum crucible, 
held at temperatures between 260 °C and 300 °C. 
 
2.10.3. Experimental Data for Compounds 2, 7, 8, 9, 12, 15, 17, 18, 19, and 20. 
General Methods. 
1
H NMR and COSY were obtained at 500 MHz. 
13
C, DEPT-90, and 
DEPT-135 spectra were recorded at and 125 MHz. Chemical shifts () are reported in ppm 
from tetramethylsilane (TMS). FTIR spectra were recorded using a FTIR Infrared 
Microscope with ATR objective with 2 cm
-1
 resolution. All glassware was oven-dried 
overnight prior to use. Reagent grade tetrahydrofuran (THF) and ether (Et2O) were distilled 
from sodium benzophenone ketyl under N2 atmosphere. Triethylamine (NEt3), and 
dichloromethane (CH2Cl2) were distilled from calcium hydride (CaH2) under a N2 
atmosphere. Trimethyl phosphite was distilled over sodium metal and stored over molecular 
sieves 4Å . THF and NEt3 were degassed with a stream of argon for 15 min before being used 
in the Sonogashira coupling reactions. All palladium-catalyzed reactions were carried out 
under argon atmosphere, while other reactions were performed under N2 unless otherwise 
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noted. All chemicals were purchased from commercial suppliers and used without further 
purification. Flash column chromatography was performed using 230-400 mesh silica gel 
from EM Science. Thin layer chromatography (TLC) was performed using glass plates pre-
coated with silica gel 40 F254 0.25 mm layer thickness purchased from EM Science. Melting 
points of 15, 17, 18, 19, and 20 were not recorded because they exist as mixtures of two 
isomers. 
 
 
2-Bromo-1,4-bis(1-adamantylethynyl)benzene (9). A round-bottom flask was charged with 
2-bromo-1,4-diiobenzene 10 (1.635 g, 4 mmol), 1-ethynyladamantane 11 (1.38 g, 8.60 
mmol), Pd(PPh3)2Cl2 (140 mg, 0.20 mmol), and CuI (76 mg, 0.40 mmol). THF (20 mL) was 
added and the mixture was cooled to 0 °C. NEt3 (5 mL) was added in one portion, and the 
reaction was allowed to stir at rt for 16 h. The mixture was quenched with saturated NH4Cl(aq) 
(30 mL) and extracted with CH2Cl2 (50 mL). The organic phase was washed with water (30 
mL), dried over anhydrous MgSO4, filtered, and the filtrate was concentrated under vacuum. 
The crude product was purified by column chromatography (silica gel, hexanes) to yield 9 as 
a white solid (1.385 g, 73%): m.p. 216–218 °C; FTIR (neat) 2900, 2848, 2660, 2224, 1588, 
1524, 1484, 1468, 1448, 1340, 1316, 1100, 1040 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.58 
(dd, J1 = 1.6 Hz, J2 = 0.4 Hz, 1H), 7.29 (dd, J1 = 8.0 Hz, J2 = 0.4 Hz, 1H), 7.21 (dd, J1 = 8.0 
Hz, J2 = 1.6 Hz, 1H), 2.15–1.85 (m, 18H), 1.75–1.65 (m, 12H); 
13
C NMR (125 MHz, CDCl3) 
 135.00 (CH), 132.44 (CH), 129.97 (CH), 125.17, 124.96, 124.48, 104.54, 100.90, 78.27, 
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78.05, 42.66 (CH2), 42.57 (CH2), 36.35 (CH2), 36.32 (CH2), 30.47, 30.15, 27.94 (CH), 27.93 
(CH); MS (MALDI) m/z calcd for [M]
+
 C30H33Br 472.2, found 472.5. 
 
 
2-Iodo-1,4-bis(1-adamantylethynyl)benzene (12). An oven-dried three-necked round-
bottom flask equipped with a stir bar charged with THF (20 mL) was cooled to −78 °C, and 
to which a tert-butyllithium solution (1.7 M in pentane, 4.1 mL, 5.8 mmol) was added. A 
solution of 9 (1.18 g, 2.50 mmol) in THF (10 mL) was added dropwise, and the mixture was 
stirred at −78 °C for 1 h, and then 1,2-diiodoethane (1.51 g, 4.25 mmol) was added in one 
portion. The mixture was allowed to gradually warm to rt, and the mixture was stirred 
overnight. To the mixture was then added saturated sodium thiosulfate aqueous solution 
(NaS2O3(aq), 30 mL), and the aqueous phase extracted with CH2Cl2 (50 mL). The organic 
phase was washed with water (50 mL) and dried over anhydrous MgSO4, and concentrated 
under vacuum. The crude product was purified by column chromatography (silica gel; 
hexanes) to afford the desired product 12 as a white solid (1.21 g, 93%): m.p. 220–222 °C; 
FTIR (neat) 2900, 2848, 2660, 2224, 1740, 1588, 1520, 1480, 1464, 1448, 1364, 1344, 1316, 
1216, 1100, 1032 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.84 (dd, J1 = 1.5 Hz, J2 = 0.5 Hz, 
1H), 7.27 (dd, J1 = 8.0 Hz, J2 = 0.5 Hz, 1H), 7.24 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 1H), 2.05–
1.90 (m, 18H), 1.75–1.65 (m, 12H) ; 13C NMR (125 MHz, CDCl3)  141.22 (CH), 131.34 
(CH), 130.77 (CH), 129.28, 124.42, 103.65, 100.96, 100.91, 82.05, 77.80, 42.7 (CH2), 42.67 
(CH2), 36.37 (CH2), 36.33 (CH2), 30.48, 30.16, 27.94 (CH), 27.93 (CH); MS (MALDI) m/z 
calcd for C30H33I [M]
+ 
520.2, found 520.1. 
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Adamantane-Wheeled Motorized Nanocar (7). An oven dried 10 mL Schlenk-tube 
equipped with a stir bar was charged with molecular motor 13 (45 mg, 0.106 mmol), axle 12 
(208 mg, 0.400 mmol), Pd(PPh3)4 (9.8 mg, 8.5 mol), and CuI (3.3 mg, 17 mol) to which 
was added NEt3 (148 L) and THF (1 mL). The reaction mixture was stirred at 60 °C for 16 
h, and then it was cooled to room temperature. The mixture was quenched with saturated 
NH4Cl(aq) (20 mL) and extracted with CH2Cl2 (30 mL). The organic phase was washed with 
water (30 mL), dried over anhydrous MgSO4, filtered, and the filtrate was concentrated under 
vacuum. The crude product was purified by column chromatography (silica gel, 10% CH2Cl2 
in hexanes) to yield 7 as a yellow solid (95 mg, 74%): m.p. 245 °C (decomp); FTIR (neat) 
3052, 2900, 2848, 2660, 2212, 1596, 1486, 1452, 1320, 1100, 1052 cm
−1
; 
1
H NMR (500 
MHz, CDCl3)  7.94 (d, J = 1.7 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.73–7.69 (m, 2H), 7.57 
(dd, J1 = 8.1 Hz, J2 = 0.4 Hz, 1H), 7.45–7.40 (m, 2H), 7.34 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 1H), 
7.26 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 1H), 7.23 (dd, J1 = 1.6 Hz, J2 = 0.6 Hz, 1H), 7.21 (dd, J1 = 
8.1 Hz, J2 = 1.8 Hz, 1H), 7.21–7.17 (m, 2H), 7.16 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 1H), 6.89-
6.82 (m, 3H), 4.28 (qd, J1 = 6.8 Hz, J2 = 6.1 Hz, 1H), 3.64 (dd, J1 = 15.5 Hz, J2 = 6.1 Hz, 1H), 
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2.66 (d, J = 15.5 Hz, 1H), 2.04–1.93 (m, 24H), 1.93–1.89 (m, 6H), 1.87–1.83 (m, 6H), 1.77–
1.65 (m, 24H), 0.82 (d, J = 6.8 Hz, 3H); 
13
C NMR (125 MHz, CDCl3)  147.30, 146.13, 
140.12, 137.87, 136.18, 135.66, 134.79 (CH), 134.65 (CH), 134.35, 133.11, 131.75 (CH), 
131.44 (CH), 131.34 (CH), 131.00 (CH), 130.87 (CH), 130.71 (CH), 130.60 (CH), 129.53 
(CH), 129.16 (CH), 128.66, 128.13 (CH), 127.79 (CH), 127.46 (CH), 126.85, 125.80 (CH), 
125.57, 125.42, 125.32, 125.01, 124.88 (CH), 124.42 (CH), 123.61 (CH), 123.16, 122.89, 
121.81, 121.75, 104.08, 103.78, 100.26, 100.02, 92.68, 92.22, 88.80, 88.13, 78.61, 78.58, 
78.23, 78.06, 42.91 (CH2), 42.753 (CH2), 42.745 (CH2), 42.73 (CH2), 39.70 (CH2), 37.90 
(CH), 36.39 (CH2), 36.343 (CH2), 36.336 (CH2), 36.32 (CH2), 27.98 (CH), 27.958 (CH), 
27.955 (CH), 27.948 (CH), 19.58 (CH3); MS (MALDI) m/z calcd for [M]
+
 C91H84S
+
 1208.6, 
found 1208.7. 
 
 
3-Bromo-thioxanthene-9-thione (15). To an oven dried three-neck round-bottom flask 
charged with ketone 14 (874 mg, 3.00 mmol) and P4S10 (3.33 g, 7.50 mmol) was added 
toluene (40 mL) and the mixture was heated at reflux for 2 d. The mixture was filtered while 
hot, and the filtrate was collected. The solvent was removed under vacuum, and solid was 
collected as a brownish solid (865 mg, 94 %): m.p. 154–157 °C; FTIR (neat) 3068, 3050, 
2998 1574, 1554, 1522, 1446, 1426, 1370, 1282, 1256, 1192, 1156, 1120, 1098, 1082, 1006 
cm
−1
; 
1
H NMR (500 MHz, CDCl3)  8.96 (ddd, J1 = 8.4 Hz, J2 = 1.4 Hz, J3 = 0.5 Hz, 1H), 
8.83 (dd, J1 = 9.0 Hz, J2 = 0.4 Hz, 1H), 7.73 (dd, J1 = 2.0 Hz, J2 = 0.4 Hz, 1H), 7.62 (ddd, J1 
= 8.1 Hz, J2 = 6.9 Hz, J3 = 1.4 Hz, 1H), 7.55 (ddd, J1 = 8.1 Hz, J2 = 1.4 Hz, J3 = 0.5 Hz, 1H), 
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7.51 (dd, J1 = 9.0 Hz, J2 = 2.0 Hz, 1H), 7.45 (ddd, J1 = 8.4 Hz, J2 = 6.9 Hz, J3 = 1.4 Hz, 1H); 
13
C NMR (125 MHz, CDCl3)  210.17, 137.38, 136.26, 134.90 (CH), 133.34 (CH), 133.26, 
131.94 (CH), 131.07, 130.43 (CH), 128.08 (CH), 127.62, 127.33 (CH), 125.95 (CH); HRMS 
(APCI) m/z calcd for [M+H]
+
 C13H7BrS
+
 306.9245, found 306.9250. This thione was used 
without further purification. 
 
 
Episulfide 17. To an oven dried three-neck round-bottom flask charged with hydrazone 16
5
 
(946 mg, 4.5 mmol) and MgSO4(s) (473 mg, 3.92 mmol) was added CH2Cl2 (20 mL). To this 
suspension was added quickly MnO2 (1.56 g, 18.0 mmol, Sigma-Aldrich > 90%) at ca. 5 °C. 
The reaction flask was immediately immersed and stirred in a cold bath ranging from −15 °C 
to −10 °C for 1.5 h. After this period, the reaction mixture was cooled to −50 °C and then 
transferred to a Schlenk filtration tube connected to an oven dried three-neck round-bottom 
flask. The deep-purple filtrate that contained the intermediate was collected, and the Schlenk 
tube was rinsed with pre-cooled CH2Cl2 (10 mL, −50 °C). To the flask containing the 
combined filtrate, thione 15 (400 mg, 1.30 mmol) was added portionwise until no more N2 
evolved. The mixture was stirred for an additional 0.5 h at ambient temperature. The organic 
phase was evaporated, and the residue was purified by column chromatography (silica gel, 
10% CH2Cl2 in hexanes) to yield desired compound as a white solid (480 mg, 76%): FTIR 
(neat) 3054, 2964, 2924, 2864, 2842, 1572, 1450, 1436, 1372, 1080, 1032 cm
−1
; 
1
H NMR 
(500 MHz, CDCl3)  8.97–8.91 (m, 1H), 7.89 (ddd, J1 = 7.8 Hz, J2 = 1.4 Hz, J3 = 0.4 Hz, 
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0.5H), 7.76 (dd, J1 = 8.3 Hz, J2 = 0.3 Hz, 0.5H), 7.69 (ddd, J1 = 7.7 Hz, J2 = 1.5 Hz, J3 = 0.4 
Hz, 0.5H), 7.60–7.50 (m, 2H); 7.59 (dd, J1 = 2.0 Hz, J2 = 0.3 Hz, 0.5H), 7.56 (dd, J1 = 8.3 Hz, 
J2 = 0.3 Hz, 0.5H), 7.43 (ddd, J1 = 7.6 Hz, J2 = 1.3 Hz, J3 = 0.5 Hz, 0.5H), 7.42 (dd, J1 = 8.3 
Hz, J2 = 2.0 Hz, 0.5H), 7.32 (ddd, J1 = 7.7 Hz, J2 = 7.5 Hz, J3 = 1.3 Hz, 0.5H), 7.25 (ddd, J1 
= 7.6 Hz, J2 = 7.5, J3 = 1.5 Hz, 0.5H), 7.24-7.15 (m, 3H), 7.11 (dd, J1 = 2.0 Hz, J2 = 0.3 Hz, 
0.5H), 7.01 (dd, J1 = 8.3 Hz, J2 = 2.0 Hz, 0.5H), 6.96 (ddd, J1 = 7.6 Hz, J2 = 1.2 Hz, J3 = 0.4 
Hz, 0.5H), 6.92 (ddd, J1 = 7.8 Hz, J2 = 7.5 Hz, J3 = 1.2 Hz, 0.5H), 6.76 (ddd, J1 = 7.6 Hz, J2 
= 7.5 Hz, J3 = 1.4 Hz, 0.5H), 3.47 (dd, J1 = 15.4 Hz, J2 = 6.4 Hz, 0.5H), 3.45 (dd, J1 = 15.4 
Hz, J2 = 6.4 Hz, 0.5H), 2.42 (d, J = 15.4 Hz, 0.5H), 2.40 (d, J = 15.4 Hz, 0.5H), 1.58–1.49 (m, 
1H), 1.08 (d, J = 6.4 Hz, 1.5H), 1.07 (d, J = 6.4 Hz, 1.5H); 
13
C NMR (100 MHz, CDCl3)  
142.59, 142.52, 139.06, 138.72, 138.66, 137.78, 135.83, 134.89, 134.51, 134.27, 132.73, 
132.67, 132.21 (CH), 131.27, 131.18, 131.05, 130.99, 130.86 (CH), 130.3 (CH), 129.54 (CH), 
129.46 (CH), 129.43 (CH), 129.34 (CH), 129.15 (CH), 128.89 (CH), 128.75 (CH), 127.91 
(CH), 127.67 (CH), 127.08 (CH), 126.92 (CH), 126.79 (CH), 126.71 (CH), 126.60 (CH), 
126.09 (CH), 124.67 (CH), 124.43 (CH), 124.37 (CH), 124.35 (CH), 124.27 (CH), 124.2 
(CH), 123.58 (CH), 123.56 (CH), 120.39, 119.93, 72.12, 72.05, 61.72, 61.67, 40.71 (CH), 
40.67 (CH), 38.09 (CH2), 38.01 (CH2), 21.75 (CH3), 21.67 (CH3). HRMS (APCI) m/z calcd 
for [M+H]
+
 C27H19BrS2
+
 487.0184, found 487.0190. 
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3-Bromo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene (18). To a 200 mL screw-capped tube charged with episulfide 17 (390 mg, 
0.80 mmol) was added trimethyl phosphite (8.0 mL, 68 mmol), and the mixture was stirred at 
130 
°
C for 16 h. After the reaction mixture was cooled to room temperature, MeOH (30 mL) 
was added. The precipitate was filtered and washed with MeOH (20 mL). The solid was 
purified by column chromatography (silica gel, 10% CH2Cl2 in hexanes) to afford 18 as a 
pale yellow solid (344 mg, 95%): FTIR (neat) 3050, 2998, 2954, 2922, 2864, 2840, 1612, 
1570, 1452, 1434, 1402, 1370, 1080 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.81–7.77 (m, 
0.5H), 7.76 (dd, J1 = 2.0 Hz, J2 = 0.2 Hz, 0.5H), 7.74 (d, J = 8.3 Hz, 0.5H), 7.73 (d, J = 8.3 
Hz, 0.5H), 7.30 (dd, J1 = 2.0 Hz, J2 = 0.3 Hz, 0.5H), 7.73-7.71 (m, 0.5H), 7.70-7.67 (m, 
0.5H), 7.67-7.64 (br d, J = 8.3 Hz, 0.5H), 7.60 (ddd, J1 = 7.8 Hz, J2 = 1.3 Hz, J3 = 0.4 Hz, 
0.5H), 7.57 (ddd, J1 = 7.8 Hz, J2 = 1.2 Hz, J3 = 0.5 Hz, 0.5H), 7.44 (dd, J1 = 8.3 Hz, J2 = 2.0 
Hz, 0.5H), 7.43 (d, J = 2.0 Hz, 0.5H), 7.42 (d, J = 1.8 Hz, 0.5H), 7.35 (ddd, J1 = 7.8 Hz, J2 = 
7.4 Hz, J3 = 1.3 Hz, 0.5H), 7.23 (ddd, J1 = 7.7 Hz, J2 = 7.3 Hz, J3 = 1.4 Hz, 0.5H), 7.22 (ddd, 
J1 = 8.0 Hz, J2 = 6.7 Hz, J3 = 1.4 Hz, 0.5H), 7.16 (ddd, J1 = 8.0 Hz, J2 = 6.6 Hz, J3 = 1.4 Hz, 
0.5H), 7.02 (ddd, J1 = 7.8 Hz, J2 = 7.3 Hz, J3 = 1.5 Hz, 0.5H), 6.90 (ddd, J1 = 8.0 Hz, J2 = 6.7 
Hz, J3 = 1.3 Hz, 0.5H), 6.87-6.81 (m, 1H), 6.78 (ddd, J1 = 8.0 Hz, J2 = 6.6 Hz, J3 = 1.3 Hz, 
0.5H), 6.73 (dd, J1 = 8.2 Hz, J2 = 2.0 Hz, 0.5H), 6.71 (ddd, J1 = 8.2 Hz, J2 = 7.7 Hz, J3 = 0.5 
Hz, 0.5H), 6.64 (ddd, J1 = 7.7 Hz, J2 = 7.3 Hz, J3 = 1.2 Hz, 0.5H), 6.56 (dd, J1 = 8.3 Hz, J2 = 
Hz, 0.5H), 4.29 (qd, J1 = 7.0 Hz, J2 = 6.2 Hz, 0.5H), 4.21 (qd, J1 = 7.0 Hz, J2 = 6.2 Hz, 0.5H), 
3.64 (dd, J1 = 15.5 Hz, J2 = 6.2 Hz, 1H, two sets of signals overlapping, the J values were 
measured as appeared), 2.63 (d, J = 15.5 Hz, 1H, two sets of signals overlapping, the J value 
was measured as appeared), 0.79 (d, J = 7.0 Hz, 1.5H), 0.78 (d, J = 7.0 Hz, 1.5H); 
13
C NMR 
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(125 MHz, CDCl3)  146.63, 146.58, 146.06, 146.01, 140.01, 139.30, 138.09, 137.75, 137.66, 
136.99, 135.01, 134.88, 134.78, 134.77, 132.98, 132.94, 130.28 (CH), 130.24 (overlapping of 
two signals, both CH carbons), 129.95 (CH), 129.83 (CH), 129.40 (CH), 129.17 (CH), 
128.94 (CH), 128.79, 128.70, 128.68 (CH), 127.86 (CH), 127.84 (CH), 127.79 (CH), 127.78 
(CH), 127.57, 127.53 (CH), 127.48, 126.65 (CH), 126.50 (CH), 126.47 (CH), 126.19 (CH), 
126.09 (CH), 126.08 (CH), 124.79 (CH), 124.78 (CH), 124.45 (CH), 124.20 (CH), 123.78 
(CH), 123.75 (CH), 119.74, 119.33, 39.71 (CH2), 39.70 (CH2), 37.97 (CH), 37.85 (CH), 
19.46 (CH3), 19.41 (CH3). HRMS (APCI) m/z calcd for [M+H]
+
 C27H19BrS
+
 455.0464, found 
455.0474. 
 
 
Triisopropyl((9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthen-3-yl)ethynyl)silane (19). To a 20 mL screw-capped tube charged with 
molecular motor 18 (273 mg, 0.6 mmol), Pd(PhCN)2Cl2 (13.8 mg, 0.036 mmol), HP
t
Bu3BF4 
(21.0 mg, 0.072 mmol) and CuI (13.7 mg, 0.072 mmol) were added NEt3 (6 mL), and TIPSA 
(0.4 mL, 1.8 mmol). The reaction was stirred at 45 °C for 12 h and then cooled to room 
temperature. The mixture was quenched with saturated ammonium chloride aqueous solution 
(NH4Cl(aq); 20 mL) and extracted with Et2O (30 mL). The organic phase was washed with 
water (30 mL), dried over MgSO4, and filtered, and the filtrate was concentrated under 
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vacuum. The crude product was purified by column chromatography (silica gel, 10% CH2Cl2 
in hexanes) to afford the desired product 19 as a pale yellow solid (296 mg, 89%): FTIR 
(neat) 3054, 2942, 2890, 2864, 2162, 1612, 1456, 1436, 1382, 1266, 1236, 1068 cm
−1
; 
1
H 
NMR (500 MHz, CDCl3)  7.80–7.77 (m, 0.43H), 7.74 (d, J = 8.0 Hz, 0.43H), 7.73–7.71 (m, 
0.43H + 1.71H), 7.70 (dd, J1 = 1.6 Hz, J2 = 0.5 Hz, 0.43H), 7.70–7.67 (m, 0.57H), 7.59 (ddd, 
J1 = 7.8 Hz, J2 = 1.3 Hz, J3 = 0.4 Hz, 0.43H), 7.56 (ddd, J1 = 7.8 Hz, J2 = 1.2 Hz, J3 = 0.5 Hz, 
0.57H), 7.44 (dd, J1 = 8.0 Hz, J2 = 1.6 Hz, 0.57H), 7.44–7.41 (m, 0.43H + 0.57H), 7.33 (ddd, 
J1 = 7.8 Hz, J2 = 7.4 Hz, J3 = 1.3 Hz, 0.43H), 7.22 (ddd, J1 = 7.7 Hz, J2 = 7.3 Hz, J3 = 1.4 Hz, 
0.43H), 7.21 (ddd, J1 = 8.0 Hz, J2 = 6.2 Hz, J3 = 1.9 Hz, 0.43H), 7.16 (ddd, J1 = 8.1 Hz, J2 = 
6.7 Hz, J3 = 1.3 Hz, 0.57H), 7.00 (ddd, J1 = 7.8 Hz, J2 = 7.3 Hz, J3 = 1.5 Hz, 0.57H), 6.92–
6.86 (m, 0.86H), 6.87–6.83 (m, 0.57H), 6.78 (ddd, J1 = 8.1 Hz, J2 = 6.7 Hz, J3 = 1.3 Hz, 
0.57H), 6.73 (dd, J1 = 7.9 Hz, J2 = 1.6 Hz, 0.43H), 6.71 (ddd, J1 = 7.7 Hz, J2 = 1.5 Hz, J3 = 
0.5 Hz, 0.57H), 6.68 (dd, J1 = 7.9 Hz, J2 = 0.5 Hz, 0.43H), 6.63 (ddd, J1 = 7.7 Hz, J2 = 7.3 Hz, 
J3 = 1.2 Hz, 0.57H), 4.30 (dq, J1 = 6.8 Hz, J2 = 6.1 Hz, 0.43H), 4.24 (dq, J1 = 6.8 Hz, J2 = 6.1 
Hz, 0.57H), 3.64 (dd, J1 = 15.5 Hz, J2 = 6.5 Hz, 1H, two sets of signals overlapping, the J 
values were measured as appeared), 2.62 (d, J = 15.5 Hz, 1H, two sets of signals overlapping, 
the J value was measured as appeared), 1.14 (br s, 11.97 H), 1.09 (br s, 9.03 H), 0.782 (d, J = 
6.8 Hz, 1.71H), 0.777 (d, J = 6.8 Hz, 1.29 H);
 13
C NMR (125 MHz, CDCl3)  146.611, 
146.605, 146.05, 146.00, 140.54, 140.05, 138.16, 137.74, 135.97, 135.62, 135.35, 135.04, 
135.01, 134.93, 132.96, 132.95, 131.14 (CH), 130.87 (CH), 130.20 (CH), 130.19 (CH), 
129.95 (CH), 129.78 (CH), 128.83, 128.82, 128.64 (CH), 128.27 (CH), 128.17, 128.16, 
127.84 (CH), 127.79 (CH), 127.77 (CH), 127.75 (CH), 127.52 (CH), 127.46 (CH), 126.49 
(CH), 126.39 (CH), 126.37 (CH), 126.23 (CH), 126.17 (CH), 126.09 (CH), 124.93 (CH), 
73 
124.77 (CH), 124.38 (CH), 124.18 (CH), 123.75 (CH), 123.74 (CH), 121.46, 121.19, 106.68, 
106.43, 91.26, 91.07, 39.74, 39.73, 37.911 (CH), 37.906 (CH), 19.50, 19.46, 18.69 (CH3), 
18.643 (CH3), 18.640 (CH3), 11.32 (CH), 11.28 (CH). HRMS (APCI) m/z calcd for [M+H]
+
 
C38H40SiS
+
 557.2686, found 557.2682. 
Note: 1. The original 
1
H spectrum showed that one form of isomer is preferred over the other. 
The ratio of the two isomers was determined by the integration values of the singlets at 1.14 
ppm and 1.09 ppm. The first 
1
H, COSY, 
13
C, and DEPT-135 spectra were obtained from a 
sample originally purified. 2. Because the two isomers can interconvert in presence of UV-
light, the original NMR sample was irradiated with 365 nm UV-light (3 mW/cm
2
) for 1 h. 
Additional 
1
H and 
13
C NMR spectra were obtained. Comparing the 
1
H spectra before and 
after UV-light irradiation assisted the 
1
H NMR assignments. 3. The 
13
C NMR signal at 
18.69 corresponds to the methyl groups of the triisopropylsilyl protecting group on one 
isomer. Peaks at 18.639, and 18.639 belong to the methyl groups on the triisopropylsilyl 
protecting group on the other isomer. The two more upfield signals were probably due to 
coupling to the stereogenic center. However, which specific isomer gives the splitted signals 
was not determined. 4. According to the assignments, the trans-isomer is the major before 
UV-light irradiation. Partial 
1
H NMR assignments are summarized:  
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3-Ethynyl-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene (20). To an oven-dried three-neck round-bottom flask charged with molecular 
motor 19 (223 mg, 0.4 mmol) was added THF (2.4 mL) and TBAF (0.6 mL, 1 M solution in 
THF). The reaction was stirred for 1.5 h at room temperature. The mixture was extracted 
with CH2Cl2 (25 mL) and water (30 mL). The organic layer was dried over MgSO4, 
concentrated, and purified by column chromatography (silica gel, 25% CH2Cl2 in hexanes) to 
afford desired compound 20 as a pale yellow solid (158 mg, 99%): FTIR (neat) 3286, 3052, 
3002, 2956, 2922, 2864, 2840, 2108, 1612, 1586, 1514, 1456, 1436, 1382, 1266, 1212, 1054, 
1030 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.81–7.77 (m, 0.5H), 7.77–7.73 (m, 2H), 7.73–
7.71 (m, 0.5H), 7.72–7.67 (m, 1H), 7.60 (ddd, J1 = 7.8 Hz, J2 = 1.3 Hz, J3 = 0.4 Hz, 0.5H), 
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7.57 (ddd, J1 = 7.8 Hz, J2 = 1.2 Hz, J3 = 0.5 Hz, 0.5H), 7.47-7.44 (m, 0.5H), 7.43 (d, J = 2.0 
Hz, 0.5H), 7.42 (d, J = 2.1 Hz, 0.5H), 7.34 (ddd, J1 = 7.8 Hz, J2 = 7.4 Hz, J3 = 1.3 Hz, 0.5H), 
7.23 (ddd, J1 = 7.7 Hz, J2 = 7.4 Hz, J3 = 1.4Hz, 0.5H), 7.20 (ddd, J1 = 8.1 Hz, J2 = 6.2 Hz, J3 
= 1.8 Hz, 0.5H), 7.16 (ddd, J1 = 8.2 Hz, J2 = 6.7 Hz, J3 = 1.3 Hz, 0.5H), 7.01 (ddd, J1 = 7.8 
Hz, J2 = 7.4 Hz, J3 = 1.5 Hz, 0.5H), 6.88 (ddd, J1 = 7.5 Hz, J2 = 6.2 Hz, J3 = 1.3 Hz, 0.5H), 
6.87-6.83 (m, 1H), 6.79 (ddd, J1 = 8.1 Hz, J2 = 6.7 Hz, J3 = 1.3 Hz, 0.5H), 6.74 (ddd, J1 = 8.0 
Hz, J2 = 1.6 Hz, J3 = 0.2 Hz, 0.5H), 6.72 (ddd, J1 = 7.7 Hz, J2 = 1.4 Hz, J3 = 0.5 Hz, 0.5H), 
6.66 (dd, J1 = 8.0 Hz, J2 = 0.5 Hz, 0.5H), 6.64 (ddd, J1 = 7.7 Hz, J2 = 7.4 Hz, J3 = 1.2 Hz, 
0.5H), 4.30 (dq, J1 = 6.9 Hz, J2 = 6.2 Hz, 0.5H), 4.23 (dq, J1 = 6.9 Hz, J2 = 6.2 Hz, 0.5H), 
3.64 (dd, J1 = 15.4 Hz, J2 = 6.2 Hz, 1H, two sets of signals overlapping, the J values were 
measured as appeared), 2.62 (d, J = 15.5 Hz, 1H, two sets of signals overlapping, the J value 
was measured as appeared), 0.782 (d, J = 6.9 Hz, 1.5H), 0.777 (d, J = 6.9 Hz, 1.5 H) ; 
13
C 
NMR (125 MHz, CDCl3)  146.84, 146.79, 146.08, 146.05, 141.09, 139.95, 138.62, 137.58, 
136.16, 135.84, 135.26, 134.96, 134.93, 134.84, 132.96, 132.95 (CH), 131.18, 130.93 (CH), 
130.25 (overlapping of two signals, both CH carbons), 130.05 (CH), 129.91 (CH), 128.81, 
128.76, 128.67 (CH), 128.43 (CH), 128.00, 127.96, 127.85 (CH), 127.81 (CH), 127.78 (CH), 
127.77(CH), 127.57 (CH), 127.53 (CH), 126.56 (CH), 126.45 (CH), 126.43 (CH), 126.15 
(CH), 126.122 (CH), 126.118 (CH), 124.84 (CH), 124.80 (CH), 124.44 (CH), 124.19 (CH), 
123.74 (overlapping of two signals, both CH carbons), 119.90, 119.73, 83.20, 83.05, 77.65 
(CH), 77.40 (CH), 39.73 (overlapping of two signals, both CH2 carbons), 37.91 (CH), 37.90 
(CH), 19.46 (CH3), 19.43 (CH3). HRMS (APCI) m/z calcd for [M+H]
+
 C29H21S 401.1358, 
found 401.1354. 
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3-((2,5-Bis(1-adamantylethynyl)phenyl)ethynyl)-9-(2-methyl-2,3-dihydro-1H-
cyclopenta[a]naphthalen-1-ylidene)-9H-thioxanthene (three-wheel nanoroadster 8). An 
oven dried 10 mL Schlenk-tube equipped with a stir bar was charged with molecular motor 
20 (40 mg, 0.1 mmol), axle 12 (78 mg, 0.4 mmol), Pd(PPh3)4 (4.6 mg, 4.0 mol), and CuI 
(1.5 mg, 8.0 mol) to which were added NEt3 (0.25 mL) and THF (0.75 mL). The reaction 
mixture was stirred at 60 °C for 16 h, and then it was cooled to room temperature. The 
mixture was quenched with saturated NH4Cl(aq) (10 mL) and extracted with CH2Cl2 (20 mL). 
The organic phase was washed with water (20 mL), dried over anhydrous MgSO4, filtered, 
and the filtrate was concentrated under vacuum. The crude product was purified by column 
chromatography (silica gel, 20% CH2Cl2 in hexanes) to yield nanoroadster 8 as a yellow 
solid (44 mg, 56%): FTIR (neat) 2906, 2850, 2218, 1594, 1488, 1450, 1344, 1318, 1262, 
1100 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.83 (dd, J1 = 1.7 Hz, J2 = 0.3 Hz, 0.5H), 7.82–
7.77 (m, 1H), 7.80 (dd, J1 = 1.6 Hz, J2 = 0.5 Hz, 0.5H), 7.75 (d, J = 8.2, 0.5H), 7.74 (d, J = 
8.2, 0.5H), 7.72–7.68 (m, 1H), 7.61 (ddd, J1 = 7.8 Hz, J2 = 1.3 Hz, J3 = 0.4 Hz, 0.5H), 7.58 
(ddd, J1 = 7.8 Hz, J2 = 1.2 Hz, J3 = 0.5 Hz, 0.5H), 7.55 (dd, J1 = 1.7 Hz, J2 = 0.6 Hz, 0.5H), 
7.35 (ddd, J1 = 7.8 Hz, J2 = 7.4 Hz, J3 = 1.3 Hz, 0.5H), 7.33 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 
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0.5H), 7.30 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.5H), 7.26–7.18 (m, 2H), 7.17 (ddd, J1 = 8.1 Hz, J2 
= 6.7 Hz, J3 = 1.2 Hz, 0.5H), 7.02 (ddd, J1 = 7.8 Hz, J2 = 7.3 Hz, J3 = 1.4 Hz, 0.5H), 6.92-
6.85 (m, 1.5H), 6.79 (ddd, J1 = 8.1 Hz, J2 = 6.7 Hz, J3 = 1.3 Hz, 0.5H),  6.79 (dd, J1 = 8.0 Hz, 
J2 = 1.6 Hz, 0.5H), 6.73 (ddd, J1 = 7.7 Hz, J2 = 1.4 Hz, J3 = 0.5 Hz, 0.5H), 6.79 (dd, J1 = 8.0 
Hz, J2 = 1.6 Hz, 0.5H), 6.69 (dd, J1 = 8.0 Hz, J2 = 0.5 Hz, 0.5H), 6.64 (ddd, J1 = 7.7 Hz, J2 = 
7.3 Hz, J3 = 1.2 Hz, 0.5H), 4.31 (qd, J1 = 6.8 Hz, J2 = 6.6 Hz, 0.5H), 4.28 (qd, J1 = 6.8 6.6 Hz, 
J2 = Hz, 0.5H), 3.66 (dd, J1 = 15.5 Hz, J2 = 6.6 Hz, 0.5H), 3.65 (dd, J1 = 15.5 Hz, J2 = 6.6 Hz, 
0.5H), 2.64 (d, J = 15.5 Hz, 1H, two sets of signals overlapping, the J value was measured as 
appeared), 2.05–1.85 (m, 18H), 1.77–1.69 (m, 12H), 0.80 (d, J = 6.8 Hz, 1.5H), 0.79 (d, J = 
6.8 Hz, 1.5H); 
13
C NMR (125 MHz, CDCl3)  146.72, 146.71, 146.06, 146.03, 140.52, 
140.05, 138.04, 137.70, 136.07, 135.77, 135.37, 135.05, 135.03, 134.95, 134.74 (CH), 
134.70 (CH), 132.96, 132.95, 131.63 (overlapping of two signals, both CH carbons), 131.00 
(CH), 130.88 (overlapping of two signals, both CH carbons), 130.66 (CH), 130.21 
(overlapping of two signals, both CH carbons), 129.45 (CH), 129.35 (CH), 128.84, 128.79, 
128.69 (CH), 128.46 (CH), 128.16, 128.13, 127.87 (CH), 127.79 (CH), 127.77 (overlapping 
of two signals, both CH carbons), 127.55 (CH), 127.54 (CH), 126.5 (CH), 126.43 (CH), 
126.39 (CH), 126.21 (CH), 126.14 (CH), 126.12 (CH), 125.52, 125.462, 125.459, 125.33, 
124.91 (CH), 124.78 (CH), 124.49 (CH), 124.18 (CH), 123.76 (CH), 123.72 (CH), 123.15, 
123.12, 121.27, 121.07, 104.14, 104.02, 100.23, 100.18, 92.62, 92.40, 88.74, 88.49, 78.62, 
78.60, 78.24, 78.17, 42.94 (CH2), 42.86 (CH2), 42.74 (CH2), 42.73 (CH2), 39.79 (CH2), 39.75 
(CH2), 37.94 (CH), 37.93 (CH), 36.41 (CH), 36.37 (CH), 36.36 (CH), 36.35 (CH), 30.50, 
30.43, 30.15, 30.13, 28.02 (CH), 27.97 (CH), 27.96 (CH), 27.95 (CH), 19.464 (CH3), 19.459 
(CH3); MS (MALDI) m/z calcd for C59H52S [M]
+
 792.4, found 792.3. 
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   CHAPTER 3 
 
Chapter 3. Designs and Synthesis of a Cy5-Tagged 
Motorized Nanocar 
99 
3.1. Introduction 
 Thanks to advancements in microbiology, scientists gained tremendous 
understanding of many naturally occurring protein machines.
1
 Mimicking nature, many 
sophisticated artificial molecular machines, such as, muscles
2-4
 and an elevator,
5
 were 
developed and performed work at the nanometer scale. These nanometer-sized machines 
respond to certain external stimuli, and perform programmed or directed functions. Our 
group has designed a family of nanovehicles named nanocars that are aimed to transport 
molecules on a surface.
6,7
 Inspired by the rolling motion of C60,
8,9
 the first nanocar was 
designed and successfully manipulated by scanning-tunneling microscopy (STM).
10
 
Complementary to STM, single-molecule fluorescent microscopy (SMFM) also provides 
single-molecule resolution.
11
 Unlike STM, which requires conducting substrates and 
ultra-high vacuum, SMFM uses non-conducting substrates and ambient environments.
11
 
A family of fluorescent nanocars (Figure 1) were designed, synthesized and imaged.
11-13
 
These nanocars showed micrometer scale translational motion on glass surfaces, and the 
substrate-mobility relationships were also investigated.
12
  
 STM and SMFM imaging results indicated that our single-molecule nanocars rely 
on rolling mechanisms to achieve significantly higher mobility on surfaces. Despite the 
previous successes of nanocars, their motion was mostly driven by random thermal 
energy which produced 2-D thermally induced movements. In order to achieve controlled 
motion, a nanomachine that can convert an external energy input into a controllable 
movement is required. Although the use of an electric field to control the nanocar 
movement has been demonstrated,
10,14
 the sizes of these nanomanipulators, for example, 
STM or atomic force microscopic (AFM) tips, are usually 8-9 orders of magnitude larger 
100 
than the individual nanoentities. Therefore, we sought here to study active transporters 
that have imbedded nanomotors that can be actuated by external energy. 
  
 
Figure 3.1. Structure of fluorescent nanocars. A tetramethylrhodamine isothiocyanate- 
(TRITC-) tagged fluorescent nanocar 1, an intrinsically fluorescent boron-
dipyrromethene (BODIPY-) based nanocar 2, and an adamantane-wheeled BODIPY-
nanocar 3 were designed, synthesized, and monitored. All fluorescent nanocars rely on 
rolling mechanism to achieve micrometer scale translational movement on glass surfaces. 
Among the three nanocars, nanocar 3 exhibits the highest mobility. 
 
 A few motorized nanovehicles
15,16
 that are intended to assimilate light as the 
energy source, such as motorized nanocar 4, were designed. This family of molecules 
included a light-driven molecular rotary motor affixed with chassis, axles, and wheels. 
Initial STM imaging experiments were done, however, no light- or electric field-induced 
lateral motion was observed.
16
 This is probably due to the strong and complex 
interactions between the molecule, surface, light, electric field and STM tip.
17,18
 As 
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discussed in chapter 2, a few modifications of the molecule design and the substrate were 
proposed in order to fine-tune the molecule-surface interactions for STM experiments. In 
addition to studying nanocars on conductive surfaces with STM, SMFM uses non-
conductive substrates, which provides a different platform for studying molecule-surface 
interactions. We report here the design and synthesis of a fluorescent motorized nanocar 
intended for SMFM studies.  
 
3.2. Design of the BODIPY-Based Motorized Nanocar 
 The first fluorescent motorized nanocar design was based on the structure of 
motorized nanocar 4
16
 and the BODIPY-based nanocar 3.
13
 Accordingly, a bent 
BODIPY-based motorized nanocar 5 was developed (Figure 3.2). The synthesis of 
nanocar 5 would be completed by coupling two adamantane-wheeled BODIPY-axles 6
13
 
and the 2,7-dibromomolecular motor 7.  However, nanocar 5 was expected to 
demonstrate circling motion because the axles are not in a parallel configuration.
19
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Figure 3.2. a) Structure of the p-carborane wheeled motorized nanocar 4. b) Proposed 
structure and the synthetic plan of the bent BODIPY-based motorized nanocar 5. Nanocar 
5 can be assembled by coupling two adamantane-wheeled BODIPY axles 6 with the 
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light-driven unidirectional molecular motor 7 that bears two bromides at the 2,7-positions 
of the stator. Due to the non-parallel wheel orientation, the nanocar 5 is expected to move 
in circled motion (purple arrows; clockwise or counterclockwise directions, depending on 
the motor chirality and landing conformation).  
 
 An aligned configuration of the axles is required for linear translational motion.  
The structure of a linear BODIPY-based nanocar 8 was designed (Figure 3.3). The 
parallel axle configuration was expected to give linear translational motion on a surface. 
The synthetic challenge of this nanocar 8 is to construct a molecular motor 9 with two 
bromine atoms at the 2- and 6-positions. Note that motor 9 would be made as a mixture 
of cis- and trans-isomers because the Barton-Kellogg reaction used for forming the 
central double bond does not differentiate one diastereomer over the other. Additionally, 
both diastereomers consist of two enantiomers. The structural similarity makes the 
separation very difficult. However, since the molecules would be investigated 
individually on surfaces, it was unnecessary to resolve the diastereomers and enantiomers. 
104 
 
Figure 3.3. Proposed structure of the linear BODIPY-based motorized-nanocar 8. To 
synthesize nanocar 8, a light-driven molecular motor 9 with two bromides at the 2,6 
positions of the stator was designed. Similar to nanocar 5, nanocar 9 could be obtained by 
coupling axle 6 and motor 9. Nanocar 8 would be prepared as a mixture of two 
geometrical isomers because trans-9 and cis-9 are synthesized in one pot, and the two 
forms are interconvertible in the presence of UV-light. Nanocar 8 was expected to move 
in either direction due to its parallel axle configuration. 
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3.3. Synthesis of the 2,6-Dibromomotor 
 Based on a literature approach (Scheme 3.1),
20
 a nucleophilic aromatic 
substitution between thiol 10 and the benzonitrile 11 was used to form the skeleton 12 of 
the stator. Subsequent hydrolysis of the nitrile gave the carboxylic acid 13. Friedel-Crafts 
cyclization yielded stator 14, and the ketone was converted into thione 15 by P4S10 in 
toluene at reflux. Formation of the motor involved oxidizing a hydrazone 16
16,21
 into the 
corresponding unstable diazo intermediate by manganese dioxide. The inorganic residue 
was removed by filtration in a Schlenk-type set-up. Thione 15 was added portionwise to 
the deep-purple filtrate. A [2+3] cycloaddition occurred and evolution of nitrogen gas 
indicated the formation of the 2,6-dibromoepisulfide 17. Due to the dissymmetric 
bromide positions of stator, episulfide 17 was obtained in a mixture of two diastereomers. 
The trans and cis assignments were determined regarding the relative positions of the 
episulfide three-membered ring and the bromides. The molecular motor 9 was then made 
from desulfurization of 17 with trimethyl phosphite in a screw-capped tube at 130 °C. 
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Scheme 3.1. Synthesis of the 2,6-dibromomotor 9  
 
 
3.4. NMR Characterization of the 2,6-Dibromomotor 9 
 The 
1
H NMR spectrum of a freshly prepared 2,6-dibromomotor 9 sample (Figure 
3.4.) was compared to the previously synthesized and characterized motor 7. While motor 
7 had 12 proton signals in the aromatic region, 24 proton signals were found for motor 9. 
The area of all proton signals in motor 9 were integrated, and two sets of 12 integrals 
with a ratio at 62:38 were obtained. This indicated that the motor 9 very likely exists as a 
mixture of cis- and trans-isomers with non-equal abundance. Another 
1
H NMR spectrum 
of the 2,6-dibromotor was taken after one week. Interestingly, the ratio of the integrals 
changed to 50:50. The gradual change of the ratio may have been due to the presence of 
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UV-light in the ambient environment. The changes of signal intensities further confirmed 
the initial assignments of proton signals toward specific isomers. 
 
 
Figure 3.4. Partial 
1
H NMR spectrum of the freshly prepared 2,6-dibromomotor 9. Two 
sets of signals with integration ratio at 62:38, which correspond to cis- and trans-9, were 
observed. 
 
 Finally, all of the protons of the individual isomers of motor 9 were 
unambiguously assigned with the assistance of correlation spectroscopy (COSY), nuclear 
Overhauser enhancement spectroscopy (NOESY), distortionless enhancement by 
polarization transfer spectroscopy (DEPT), heteronuclear single-quantum correlation 
spectroscopy (HSQC) and heteronuclear multiple-bond correlation spectroscopy 
(HMBC) experiments. The assignments for both cis- and trans-9 showed the 
characteristic patterns that reflect the motor helicity.
16
 The initially more abundant isomer 
was determined to be cis-9. 
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Figure 3.5. 
1
H NMR (500 MHz, CDCl3, 295K) assignments of cis-9 and trans-9. The 
initially more abundant isomer was cis-9. 
 
3.5. Photoisomerization Study of the BODIPY-Slow Motor Hybrid 
 Although motor 9 was successfully synthesized and characterized, the possible 
energy transfer between the motor and the BODIPY fluorophore needed to be evaluated 
before pursuing nanocar 8. The UV-Vis absorption spectra of BODIPY-axle 6 showed 
noticeable absorption at the 365 nm area, which is required for motor rotation. The 
absorption overlap between the photochemically active motor and the BODIPY unit 
could decrease the quantum yield for motor photoisomerization. A stronger light source 
to accommodate the decrease in quantum yield might be useful, but the possibility of 
photobleaching would then be exacerbated.
22
 In addition, the motor and the BODIPY-
axles are nearby each other and connected via conjugated bonds.
23
 Hence, the two 
photochemically active moieties could have through-bond or through-space energy 
transfer.  
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 To further address this concern, a model compound 18 was designed (Scheme 
3.2). Compared to the MHz frequency of rotation of motor 7 and 9, the rotation rate of 
motor 19 was much slower because the energy barrier for the thermal helix inversion is 
much higher.
24
 This enabled the study of its rotation by NMR spectroscopy.
15
 Model 18 
was synthesized by a Sonogashira coupling between a motor 19 and two BODIPY 
fluorophores, 20 in moderate yield.  
  
Scheme 3.2. Synthesis of the BODIPY-slow motor hybrid 18. 
 
 
 A rotation study of motor 19 was conducted as a reference experiment (Figure 
3.6). A 1 mM sample of 19 was irradiated with 365 nm light (3 mW/cm
2
) for 1 h. As 
shown by NMR analysis, 91% of motor 19 isomerized. A similar NMR 
photoisomerization experiment was done for model 18. By comparison of the spectra 
before and after UV irradiation, 45% of the model 19 was found to be isomerized. This 
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indicated that the presence of BODIPY in 18 reduced the efficiency of 
photoisomerization.  
 
 
 
Figure 3.6. 
1
H NMR photoisomerization study of a) the slow motor 19 and b) the 
BODIPY-motor hybrid 18 (500 MHz, CDCl3, 295K, 1 mM). a) Top: 19 without 
irradiation of 365 nm light; bottom: 19 after 1 h irradiation of 365 nm light (3 mW/cm
2
).  
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The integrations of the proton spectra showed 91% of motor 19 photoisomerized. b) Top: 
18 without irradiation of 365 nm light; bottom: 18 after 1 h irradiation of 365 nm light. 
45% of 18 isomerized after irradiation of 365 nm light (3 mW/cm
2
). The presence of 
BODIPY fluorophore reduced the efficiency of photoisomerization. 
 
3.6. Design of the Cy5-Tagged Motorized Nanocar 
 The rotation study of the BODIPY-slow motor hybrid 18 revealed that the 
presence of the conjugated bonded BODIPY fluorophores greatly reduced the motor 
photoisomerization efficiency. The absorption overlapping and the intramolecular energy 
transfer between the motor and the BODIPY fluorophores are likely to be the major 
causes. Thus, a fluorophore with minimum absorption at the 365 nm region, which is 
required the photoisomerization of the motor, is preferred. Inserting a spacer between the 
motor and the fluorophore might reduce the possibility of intramolecular energy transfer 
(either through-bond or through-space).
25
 
 To choose a potentially suitable fluorophore, a group of fluorophores organized 
by Lavis and Raines (Figure 3.7) was examined.
26
 Since the laser sources available for 
the SMFM experiments are 514 nm, 532 nm and 638 nm, the UV-Vis absorption and 
fluorescent emission spectra of fluorophores in the above region were reviewed. The UV-
Vis absorption spectrum of a cy5 dye
27,28
 (Figure 3.8) showed that it has weak absorption 
at the 365 nm region, which is necessary for motor rotation. The maximum extinction 
coefficient (ε) of a cy5 dye is approximately at 640 nm, which is suitable for SMFM 
experiments. The fact that the motor absorbs weakly at the 365 nm region gives the motor 
the highest probability for harvesting photons. The strong absorptivity of the cy5 dye at 
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640 nm and the high quantum yield (Φ) make the dye bright (ε  Φ) and thus suitable for 
single-molecule fluorescent experiments. 
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Figure 3.7. Plot of fluorophore brightness (ε  Φ) vs. the wavelength of maximum 
absorption (max) for the major classes of fluorophores. The color of the structure 
indicates its wavelength of maximum emission (em). Figure adapted with permission 
from reference 26. Copyright 2008 American Chemical Society. 
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Figure 3.8. Structure, UV-vis absorption, and fluorescence spectra of a cy5 dye. The 
absorption spectrum indicated that cy5 absorption is weak in the 365 nm region, which is 
required for the motor photoisomerization. The maximum absorption of the cy5 dye is in 
the 640 nm region, which matches a laser source used in SMFM imaging.   
 
 A cy5-tagged motorized nanocar 20 was designed (Figure 3.9) resembling the 
design of the TRITC-tagged nanocar 1. The chassis consists of a light-driven molecular 
motor, and a cy5 dye attached to the end of the structure via a non-conjugated spacer. The 
spacer is expected to provide a longer distance between the photochemically driven 
motor and the fluorescent dye, and consequently minimize undesired energy transfer. 
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Because the cy5 dye exhibits weak absorptivity in the 365 nm region, the efficiency of 
the motor photoisomerization of the nanocar 20 is expected to be highest. 
  
 
Figure 3.9. Design of a cy5-tagged motorized nanocar 20. The nanocar 20 is based on the 
concept of TRITC-tagged nanocar 1 and the motorized nanocar 4. The rotary motor relies 
on 365 nm light for the photoisomerization step. Therefore, we use a cy5 dye instead of a 
TRITC dye because a cy5 dye absorbs weakly in 365 nm region. Adding an aliphatic 
linker, which separates the photochemically active motor and the fluorescent dye, 
decreases the probability of through bond energy transfer. 
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 The synthetic plan (Figure 3.10) for the nanocar 20 includes esterification of 
nanocar 21 with a hydroxyl group and cy5 dye 22 with its carboxylic acid. The chassis of 
nanocar 21 can be built by a statistical coupling between an iodo-axle 23, motor 24 and a 
tetrasubstituted iodo-axle 25. The challenges to this synthetic plan will be the preparation 
of the tetrasubstituted iodo-axle 25, and the low yielding statistical coupling step for the 
formation of nanocar synthesis. 
 
 
Figure 3.10. Retrosynthetic analysis of the cy5-tagged nanocar 20. Nanocar 20 is 
planned to be assembled by an esterification reaction between a trailer nanocar 21 and a 
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cy5 dye 22. A statistical coupling between a motor 24 and two different axles 23 and 25 
will be used for the construction of nanocar 21.  
 
3.7. Synthesis of the Cy5-Tagged Motorized Nanocar 20 
3.7.1. Toward the Tetrasubstituted Iodo-Axle 25 
 The first target for synthesis the cy5-tagged motorized nanocar 20 was the iodo-
axle 25 (Scheme 3.3). A selective Sonogashira coupling of 1,4-diiodo-2,5-
dibromobenzene 26 with 1-ethynyladamantane 27 was carried out. Subsequently, a 
halogen exchange of the resulting dibromoaxle 28 yielded the diiodoaxle 29 in excellent 
yield. Unfortunately, attempts at a selective mono-coupling reaction between the 4-(t-
butyldimethylsilyloxy)-1-butyne 30 and the diiodoaxle 29 did not afford the desired 
product. This might be due to the poor solubility of diiodoaxle 29. Hence, an alternative 
synthetic route was needed to obtain 25. 
 
Scheme 3.3. Toward the tetrasubstituted iodo-axle 25 
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3.7.2. An Alternative Synthetic Route for the Iodo-Axle 25 
 Since axle 25 consists of an aryl iodide, it can be synthesized by a functional 
group interconversion from the corresponding aniline (Scheme 3.4). To make the aniline, 
2,5-dibromo-4-nitroaniline 31 was prepared according to a five-step literature 
procedure.
29
 A Sandmeyer reaction converted the aniline 31 into 2,5-dibromo-4-
iodonitrobenzene 32 in good yield. A selective Sonogashira coupling reaction was carried 
out between the nitrobenzene 32 and 4-(t-butyldiphenylsilyloxy)-1-butyne. This reaction 
was optimized by using 1% palladium catalyst and 20% copper catalyst, yielding 33. 
Interestingly, the major side product of this reaction was 2,5-dibromonitrobenzene, 
resulting from de-iodination of 32. When a larger amount of palladium and a smaller 
amount of copper catalyst was used, the formation of 2,5-dibromonitrobenzene was 
favored. 
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Scheme 3.4. Synthesis of the iodo-axle 25. 
  
  
 The axle precursor 33 was further coupled with 1-ethynyladamantane 27 to yield 
the nitrobenzene axle 34. Aniline axle 35 was obtained by reducing 34 with tin(II) 
chloride dehydrate. Although a Sandmeyer reaction converting aniline 35 into iodo-axle 
25 was used, the reaction was very low yielding (see note in experimental section). The 
overall yield to form axle 25 was only 5.3% from aniline 31, which makes the synthetic 
route very inefficient. 
 
3.7.3. The Wheel-Last Approach for Constructing the Nanocar Skeleton 
 In the previous synthetic route toward axle 25, 1-ethynyladamantan 27 was 
introduced in the middle stage of the synthetic sequence. In contrast to this approach, 
another wheel-last strategy (Figure 3.11) was attempted. Instead of synthesizing the iodo-
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axle 25, another building block 36 was chosen. A Sonogashira coupling was planned to 
mix the axle 23 and the 2,5-dibromo-4-iodobenzene axle precursor 36 with the motor. It 
was expected that the Sonogashira couplings would only occur between the alkynes on 
motor 24 and the iodide sites on both 23 and 36.  
 
 
Figure 3.11. The wheel-last synthetic strategy for the formation of the nanocar skeleton. 
An axle precursor 36 was used instead of the iodo-axle 25. The Sonogashira coupling 
reactions are expected to occur selectively on the iodide sites. 
 
 The axle precursor 36 was synthesized by a selective mono-coupling between 2,5-
dibromo-1,4-diiodobenzene 26 and alkyne 30 in moderate yield (Scheme 3.5). 
Subsequently, a Sonogashira coupling between one equivalent of motor 24, and two 
equivalents of both 23 and 36 was carried out attempting to synthesize the nanocar 
precursor 37. Surprisingly, no desired compound 37 was obtained, and the only 
compound obtained was 38 with recovery of axle 23. This indicated that the iodide site 
on 36 is more reactive than the iodide site on axle 23. By adjusting the equivalence of 23 
(2 equiv) and 26 (1 equiv), the nanocar precursor 37 was afforded in 39% yield.  
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Scheme 3.5. Synthesis of the nanocar skeleton 
 
 
3.7.4. Synthesis and Rotation Study of the Cy5-Tagged Nanocar 20 
 The wheel-last synthetic approach of forming the nanocar skeleton successfully 
yielded the desired precursor 37. The 1-ethylnyladamantane wheel 27 was mounted onto 
37 by Sonogashira coupling using neat NEt3 as solvent to give nanocar 39 in excellent 
yield. The hydroxyl protecting group of nanocar 39 was removed by a 
tetrabutylammonium fluoride (TABF) THF solution. A Steglich esterification of the 
resulting nanocar 21 was carried out with cy5 dye 22,
30
 and the cy5-tagged nanocar 20 
was thus synthesized in excellent yield. 
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Scheme 3.6. Synthesis of the cy5-tagged nanocar 20 
 
 
3.8. Synthesis of the Cy5-Tagged Motorized Nanocar with the Slow Motor 
 Similar to the synthetic protocol of nanocar 20, a cy5-tagged motorized nanocar 
incorporating with a slow motor was synthesized (Scheme 3.7). The nanocar skeleton 
was constructed by a Sonogashira coupling between slow motor 19, axle 23, and axle 
precursor 36. Nanocar precursor 40 was reacted with 1-ethynyladamantane 27 to form 
nanocar 41. The TBS-protecting group was removed by TABF, resulting in nanocar 42. 
Akin to forming cy5-tagged nanocar 20, a Steglich esterification of the nanocar 42 was 
carried out with cy5 dye 22. The cy5-tagged nanocar 43 would be used to test the 
photoisomerization efficiency.  
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Scheme 3.7. Synthesis of the cy5-tagged slow-motorized nanocar 
 
 
 The photoisomerization step of the motor incorporated in the cy5-tagged 
motorized nanocar 43 was studied (Figure 3.12). After 1 h of irradiation with 365 nm 
light, the NMR spectrum showed 90% of the slow motor incorporated in 43 
photoisomerized. Compared to the BODIPY-motor hybrid 18 photoisomerized, in which 
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45% of the slow motor photoisomerized, a significant increase percentage of motor 
photoisomerization was observed.  
 
 
Figure 3.12.
 1
H NMR rotation study of the cy5-tagged motorized nanocar 43 (partial 
NMR, CD2Cl2, 295K). Top: 43 without irradiation of 365 nm light; bottom: 43 after 1h 
irradiation of 365 nm light (3 mW/cm
2
). The integrations showed that 90% of 43 
underwent photoisomerization.  
 
3.9. Conclusion 
 We have discussed the design and synthesis of fluorescent motorized nanocars 
that are suitable for SMFM studies. BODIPY-based motorized nanocars were designed. 
In order to investigate the photoisomerization efficiency, a slow motor-BODIPY hybrid 
18 was synthesized. Our photoisomerization experiment showed that 45% of the model 
18 photoisomerized. Compared to 91% of motor 19, a decrease in photoisomerization 
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percentage is observed. The decrease of efficiency is due to the absorption overlap 
between the motor, the fluorophore and the connection by the conjugated network.  
 Secondly, a fluorescent-motorized nanocar 20, designed to retain the motor 
photoisomerization efficiency in the presence of a fluorescent dye, was synthesized. We 
chose cy5 dye because it has minimum absorption in the 365 nm region, which is 
required for motor photoisomerization. Additionally, an aliphatic linker was also 
incorporated into the design of cy5-tagged nanocar 20. A wheel-last synthetic strategy 
was used in the synthesis of the nanocar skeleton, and dissymmetric functionalization of 
the motor 24 was achieved. Based on the cy5-tagged motorized nanocar model 43, 90% 
of the motor underwent photoisomerization, which indicated that the two 
photochemically active moieties can function with minimal overlapping light-based 
interactions.   
 
3.10. Contribution 
 I designed all the BODIPY-based and the cy5-tagged nanocars. Jazmin Godoy 
synthesized the 2,6-dibromothioxane-9-one 14 and the BODIPY dyes 6 and 20. Victor 
Garcia and Pin-Lei Edmund Chu participated in the preparation of fluorescent dyes 6 and 
1-ethynyladamantane 27. Dr. Lawrence Alemany did the NMR analysis for the 2,6-
dibromomotor. 
 
3.11. Experimental Section 
3.11.1. General Procedure for Photoisomerization Study of 9, 18, and 43. 
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 A 1 mM solution was prepared and its 
1
H NMR spectrum was recorded at 500 
MHz (CDCl3 with 0.05% tetramethylsilane (TMS), 295 K, 128 scans, TMS half-height 
width <0.2 Hz). The NMR tube containing the solution was irradiated with 365 nm light 
for 1 h (3 mW/cm
2
; Mineralight UVGL-25), and another 
1
H NMR spectrum was recorded. 
The photoisomerization percentage was obtained by comparing integrals obtained from 
1
H NMR spectra. 
 
3.11.2. Experimental Data for Compounds 9, 12, 13, 14, 15, 17, 18, 20, 21, 25, 
28, 29, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43. 
General Methods. 
1
H NMR and 
13
C NMR spectra were recorded at 400 or 500 and 100 
or 125 MHz, respectively. Chemical shifts () were reported in ppm from TMS. FTIR 
spectra were recorded using a FTIR Infrared Microscope with ATR objective with 2 cm
-1
 
resolution. All glassware was oven-dried overnight prior to use. Reagent grade 
tetrahydrofuran (THF) and ether (Et2O) were distilled from sodium benzophenoneketyl 
under N2 atmosphere. Triethylamine (NEt3), dichloromethane (CH2Cl2) and N,N’-
dimethylforamide (DMF) were distilled from calcium hydride (CaH2) under an N2 
atmosphere. THF and NEt3 were degassed with a stream of argon for 15 min before being 
used in the Sonogashira coupling reactions. All palladium-catalyzed reactions were 
carried out under argon atmosphere, while other reactions were performed under N2 
unless otherwise noted. All chemicals were purchased from commercial suppliers and 
used without further purification. Flash column chromatography was performed using 
230-400 mesh silica gel from EM Science. Thin layer chromatography (TLC) was 
performed using glass plates pre-coated with silica gel 40 F254 0.25 mm layer thickness 
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purchased from EM Science. Note that melting points of 9, 20, 21, 37, 39, 40, 41, 42, 43 
were not measured because they exist as a mixture of cis and trans isomers. 
 
 
4-Bromo-2-(4-bromophenylthio)benzonitrile (12). A 250 mL round-bottom flask 
equipped with a stir bar was charged with NaH (360 mg, 60% NaH in mineral oil, 9.0 
mmol). A solution of 4-bromothiophenol 10 (1.42 g, 7.50 mmol) in DMF (50 mL) was 
added, followed by addition of Zn dust (100 mg, 1.5 mmol). A light yellow solution was 
obtained. After stirring the mixture for 10 min at rt, 4-bromo-2-fluorobenzonitrile 11 
(1.50 g, 7.50 mmol) was added as a solution in DMF (40 mL). After the mixture turned 
into a white suspension (~ 10 min), it was stirred overnight at rt. Water (100 mL) was 
added and the product was extracted with Et2O (30 mL  3). The combined organic phase 
was washed with water (50 mL  5). After layer separation the organic fraction was dried 
over anhydrous MgSO4 and the solvent was removed under vacuum. The crude product 
was purified using flash column chromatography (silica gel, 25% CH2Cl2 in hexanes) to 
give 12 as a white solid (1.88 g, 68%): m.p. 130–131 °C; FTIR (neat) 3062, 2934, 2850, 
2218, 1738, 1716, 1572, 1540, 1454, 1376, 1086, 1066 cm
−1
; 
1
H NMR (400 MHz, 
CDCl3)  7.59–7.55 (m, 2H), 7.49 (d, J = 8.3 Hz, 1H), 7.41 (dd,  J1 = 8.3 Hz, J2 = 1.8 Hz, 
1H), 7.39–7.34 (m, 2H), 7.21 (d, J = 1.8 Hz); 13C NMR (100 MHz, CDCl3)  143.83, 
135.38, 134.59, 133.28, 132.17, 130.08, 129.74, 128.34, 124.19, 116.13, 111.34; HRMS 
(APCI) m/z calcd for [M]
 +
 C13H7Br2NS 366.8660, found 366.8669. 
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4-Bromo-2-(4-bromophenylthio)benzoic acid (13). A 250 mL round-bottom flask 
equipped with a stir bar and condenser was charged with 12 (1.80 g, 4.87 mmol). EtOH 
(72 mL) was added via syringe, followed by addition of 20% NaOH(aq) (90 mL). The 
mixture was stirred at reflux overnight, and the resulting yellow solution was cooled to rt. 
The mixture was acidified to pH ~3 using 4 M HCl(aq) and ether (150 mL) was added. 
The layers were separated, and the aqueous layer was extracted with ether (50 mL 2). 
The combined organic phase was dried over MgSO4 and the solvent was removed by 
rotary evaporation. Recrystallization of the crude product from boiling EtOH (20 mL) 
afforded 13 as a white solid (1.42 g, 77%): mp 209−211 °C; FTIR (neat) 3074, 2918, 
2900–2500 (br), 1678, 1572, 1536, 1458, 1416, 1386, 1270, 1250, 1150, 1092, 1066, 
1050, 1008 cm
-1
; 
1
H NMR (400 MHz, d6-acetone)  7.97 (d, J = 8.3 Hz, 1H), 7.78–7.73 
(m, 2H), 7.59–7.54 (m, 2H), 7.43 (dd, J1 = 8.3 Hz, J2 = 1.9 Hz, 1H), 6.90 (d, J = 1.9 Hz, 
1H); 
13
C NMR (100 MHz, d6-acetone)  166.64, 145.76, 138.00, 133.93, 133.47, 131.98, 
129.67, 128.31, 127.60, 126.58, 124.45; HRMS (ESI) m/z calcd for [M−H]- C13H7Br2O2S 
384.8545, found 384.8532. 
 
 
2,6-Dibromo-9H-thioxanthen-9-one (14). A 250 mL round-bottom flask equipped with 
a stir bar was charged with acid 13 (1.22 g, 3.14 mmol). Under a nitrogen atmosphere, 
hexanes (95 mL) were added, followed by oxalyl chloride (17.0 mL, 199 mmol) and 
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DMF (1 mL). The mixture was stirred at rt overnight. A clear solution and a white 
precipitate formed. The solution was decanted, and the solvent was removed by rotary 
evaporation. The acyl chloride intermediate was dissolved in 1,2-dichloroethane (150 
mL). Under N2, the resultant solution was cooled to 0 °C. Aluminum chloride was added 
(788 mg, 5.92 mmol) to the reaction flask and the mixture was stirred at 0 °C for 1 h. The 
reaction was quenched with saturated NH4Cl(aq) (20 mL) and the organic layer was 
collected and dried over MgSO4(s). The crude product was obtained by evaporating the 
organic layer. Recrystallization from boiling toluene (150 mL) afforded 14 as a pale 
yellow solid (583 mg, 53%): m.p. >250 °C; FTIR (neat) 3016, 2970, 2904, 2850, 1788, 
1626, 1576, 1452, 1366, 1228, 1216, 1092 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  8.73 (dd, 
J1 = 2.3 Hz, J2 = 0.4 Hz, 1H), 8.46 (dd, J1 = 8.7 Hz, J2 = 0.4 Hz, 1H), 7.76 (dd, J1 = 1.9 
Hz, J2 = 0.4 Hz, 1H), 7.75 (dd, J1 = 8.6 Hz, J2 = 2.3 Hz, 1H), 7.61 (dd, J1 = 8.7 Hz, J2 = 
1.9 Hz, 1H), 7.47 (dd, J1 = 8.6 Hz, J2 = 0.4 Hz, 1H); 
13
C NMR (125 MHz, CDCl3)  
178.23, 138.45, 135.59, 135.35, 132.53, 131.57, 130.32, 130.18, 128.37, 128.07, 127.60, 
127.59, 120.73; HRMS (ESI) m/z calcd for [M+H]
+
 C13H7Br2OS 368.8584, found 
368.8580. 
 
 
2,6-Dibromo-9H-thioxanthene-9-thione (15). An oven-dried round-bottom flask 
equipped with a reflux condenser was charged with 14 (370 mg, 1.0 mmol) and P4S10 
(1.33 g, 3.00 mmol). Toluene (30 mL) was added via syringe, and the suspension was 
heated to reflux overnight. The suspension was filtered while hot, and the filtrate was 
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collected. Upon cooling the desired compound precipitated as a brown solid (270 mg, 
70%): m.p. 218–219 °C; FTIR (neat) 3070, 2994, 1634, 1582, 1572, 1544, 1518, 1444, 
1376, 1304, 1256, 1176, 1156, 1134 1102, 1024 cm
-1
; 
1
H NMR (500 MHz, CDCl3)  
9.10 (dd, J1 = 2.2 Hz, J2 = 0.4 Hz, 1H), 8.80 (dd, J1 = 9.0 Hz, J2 = 0.4 Hz, 1H), 7.74 (dd, 
J1 = 2.0 Hz, J2 = 0.4 Hz, 1H), 7.72 (dd, J1 = 8.5 Hz, J2 = 2.2 Hz, 1H), 7.54 (dd, J1 = 9.0 
Hz, J2 = 2.0 Hz, 1H), 7.45 (dd, J1 = 8.5 Hz, J2 = 0.4 Hz, 1H); 
13
C NMR (125 MHz, 
CDCl3)  208.37, 138.37, 136.08, 135.64, 135.00, 134.68, 132.81, 130.82, 129.80, 128.19, 
128.00, 127.50, 121.65; HRMS (APCI) m/z calcd for [M]
 +
 C13H7Br2S2 384.8350, found 
384.8358.  
 
 
Episulfide 17. To an oven dried three-neck round-bottom flask charged with hydrozone 
16
21
 (550 mg, 2.62 mmol) and MgSO4(s) (275 mg, 3.92 mmol) was added CH2Cl2 (20 
mL). To this suspension was added quickly MnO2 (1.56 g, 18.0 mmol) at ca. 5 °C. The 
reaction flask was immediately immersed and stirred in a cold bath ranging from −15 °C 
to −10 °C for 1.5 h. After this period, the reaction mixture was cooled to −50 °C and then 
transferred to a Schlenk filtration tube connected to an oven dried three-neck round-
bottom flask. The deep-purple filtrate that contained the intermediate was collected, and 
the Schlenk tube was rinsed with pre-cooled CH2Cl2 (10 mL, −50 °C). To the flask 
containing the combined filtrate, thione 15 (320 mg, 0.83 mmol) was added portionwise 
until no more N2 evolved. The mixture was stirred for an additional 0.5 h at ambient 
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temperature. The organic phase was evaporated and the residue was purified by column 
chromatography (silica gel, 10% CH2Cl2 in hexanes) to yield the desired compound as a 
white solid (375 mg, 80%). The pure trans-isomer could be isolated in small quantity by 
reprecipitation of the chromatographically purified product from CH2Cl2 and MeOH. The 
purified product was dissolved in a mixture of CH2Cl2 (5 mL) and MeOH (20 mL), and 
placed in a flask on a rotary evaporator. The CH2Cl2 was partially removed under 
vacuum without heating unitl a precipitate started to form. The solid was filtered, 
collected, and dried under vacuum and was identified as a pure trans-17 by NMR. 
Characterization data for trans-17: m.p. 201–203 °C; FTIR (neat) 3076, 2966, 2932, 1578, 
1516, 1452, 1430, 1384, 1370, 1082 cm
-1
; 
1
H NMR (500 MHz, CDCl3)  8.92–8.88 (m, 
1H), 8.00 (d, J = 2.1 Hz, 1H), 7.57 (d, J = 1.9 Hz, 1H), 7.57–7.53 (m, 2H), 7.54 (d, J = 
8.2 Hz, 1H), 7.43 (dd, J1 = 8.3 Hz, J2 = 2.0 Hz, 1H), 7.37 (ddd, J1 = 8.7 Hz, J2 = 6.8 Hz, 
J3 = 1.4 Hz, 1H), 7.23 (ddd, J1 = 8.7 Hz, J2 = 6.8 Hz, J3 = 1.4 Hz, 1H), 7.18 (d, J = 8.2 Hz, 
1H), 6.84 (dd, J1 = 8.2 Hz, J2 = 2.1 Hz, 1H), 6.77 (d, J = 8.2 Hz, 1H), 3.42 (dd, J1 = 15.4 
Hz, J2 = 6.5 Hz, 1H), 2.43 (d, J = 15.4 Hz, 1H), 1.53 (qd, J1 = 7.0 Hz, J2 = 6.5 Hz, 1H), 
(d, J = 7.0 Hz, 3H); 
13
C NMR (125 MHz, CDCl3)  142.44, 138.17, 137.82, 136.43, 
134.03 (CH), 134.01, 132.63, 130.83, 130.80, 130.43 (CH), 129.77 (CH), 129.63 (CH), 
129.38 (CH), 129.35 (CH), 127.81 (CH), 127.67 (CH), 124.49 (CH), 124.35 (CH), 
123.99 (CH), 123.47 (CH), 120.71, 120.03, 72.10, 60.92, 40.45 (CH), 38.06 (CH2), 21.74 
(CH3); HRMS (APCI) m/z calcd for [M+H]
+
 C27H18S2Br2 564.9289, found 564.9296. 
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(2,6-Dibromo-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-
2,3,4,5,6,7,8,9-octahydro-1H-thioxanthene (mixture of cis- and trans-motor 9). A 100 
mL screw-capped tube equipped with a stir bar was charged with episulfide 17 (225 mg, 
0.400 mmol). Trimethyl phosphite (4.0 mL, 34 mmol) was added and the screw-capped 
tube was assembled. The mixture was stirred at 130 °C for 16 h. After cooling to rt, 
MeOH (30 mL) was added with vigorous stirring for 5 min. The precipitate was filtered 
and washed with MeOH (20 mL). The solid was purified by column chromatography 
(silica gel, 10% CH2Cl2 in hexanes) to afford 9 as a light yellow solid (207 mg, 97%): 
FTIR (neat) 3048, 2922, 2662, 2840, 1605, 1576, 1538, 1448, 1374, 1176, 1154, 1082 
cm
-1
; HRMS (APCI) m/z calcd for [M+H]
+
 C27H18Br2S 532.9569, found 532.9577. The 
1
H NMR assignments are in Figure 3.5. 
 
13
C assignments of 2,6-dibromomolecular motor 9: 
cis-9: Initially the major component 
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trans-9: Initially the minor component 
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Slow-Motor BODIPY Hybrid 18. An oven dried 10 mL Schlenk-tube equipped with a 
stir bar was charged with motor 19 (31 mg, 0.70 mmol), BODIPY 20
31
 (124 mg, 0.280 
mmol), Pd(PPh3)4 (8.0 mg, 0.0070 mmol), and CuI (2.6 mg, 0.014 mmol). THF (1.5 mL) 
and NEt3 (0.50 mL) were added and the reaction mixture was stirred at 60 °C for 16 h. 
After cooling to rt, the reaction was quenched with saturated NH4Cl(aq) (20 mL) and 
extracted with CH2Cl2 (30 mL). The organic phase was washed with water (30 mL), dried 
over anhydrous MgSO4, filtered, and the filtrate was concentrated under vacuum. The 
crude product was purified by column chromatography (silica gel, 40% to 50% CH2Cl2 in 
hexanes) to yield 18 as an orange solid (30 mg, 40%): m.p. 175 °C (decomp.); FTIR 
(neat) 3052, 2922, 2852, 1542, 1510, 1468, 1410, 1370, 1306, 1260, 1210, 1154, 1120, 
1082, 1052 cm
-1
; 
1
H NMR (500 MHz, CDCl3)  7.79 (d, J = 1.7 Hz, 1H), 7.74–7.70 (m, 
2H), 7.67 (br d, J = 8.7 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.62 (br d, J = 8.0 Hz, 1H), 
7.54 (br d, J = 8.4 Hz, 1H), 7.50 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 1H), 7.45 (J = 8.5 Hz, 1H), 
7.46–7.43 (m, 2H), 7.35–7.31 (m, 2H), 7.27 (dd, J1 = 8.0 Hz, J2 = 0.4 Hz, 1H), 7.24–7.21 
(m, 2H), 7.16 (ddd, J1 = 8.0 Hz, J2 = 6.9 Hz, J3 = 1.1 Hz, 1H), 7.05 (ddd, J1 = 8.3 Hz, J2 
= 7.0 Hz, J3 = 1.3 Hz, 1H), 6.92 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 6.52 (dd, J1 = 1.8 Hz, 
J2 = 0.4 Hz, 1H), 6.01 (s, 2H), 5.99 (s, 2H), 4.18 (dqd, J1 = 7.5 Hz, J2 = 6.9 Hz, J3 = 3.5 
Hz, 1H), 3.77 (dd, J1 = 11.5 Hz, J2 = 7.5 Hz, 1H), 3.11 (dd, J1 = 11.5 Hz, J2 = 3.5 Hz, 
1H), 2.57 (s, 6H), 2.56 (s, 6H), 1.46 (s, 2H), 1.40 (s, 2H), 0.85 (d, J = 6.9 Hz, 3H); 
13
C 
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NMR (125 MHz, CDCl3)  155.85, 155.74, 142.98, 142.96, 140.83, 140.68, 138.38, 
137.96, 136.71, 135.82, 135.57, 135.24, 134.77, 134.70, 132.38 (CH), 132.13 (CH), 
132.11 (CH), 131.68, 131.19 (overlapping of two signals, both quaternary carbons), 
130.93, 130.83, 130.62, 130.59 (CH), 130.09 (CH), 129.23 (CH), 128.34 (CH), 128.08 
(CH), 127.87 (CH), 127.85 (CH), 127.83 (CH), 126.42 (CH), 126.06 (CH), 125.61 (CH), 
124.57 (CH), 124.03, 123.93 (CH), 123.83, 121.40 (CH), 121.33 (CH), 121.07, 120.21, 
90.28, 89.84, 89.70, 88.49, 37.22 (CH2), 32.93 (CH), 19.33 (CH3), 14.65 (CH3), 14.63 
(overlapping of two signals, both CH3 carbons), 14.61 (CH3). MS (MALDI) m/z calcd for 
[M]
+
 C69H54B2F4N4S2 1100.4, found 1100.3. 
 
 
1,4-Bis(1-adamantylethynyl)-2,5-dibromodobenzene (28). A 50 mL round-bottom 
flask equipped with a stir bar was charged with 2,5-dibromo-1,4-diiobenzene (26) (980 
mg, 2.0 mmol), 1-ethynyladamantane  (27)
13
 (670 mg, 4.2 mmol), Pd(PPh3)2Cl2 (71 mg, 
0.10 mmol), and CuI (38 mg, 0.20 mmol). THF (5.0 mL) was added and the mixture was 
cooled to 0 °C. NEt3 (2.0 mL) was added at 0 °C, and the reaction was allowed to stir 
overnight while gradually warming to rt; solids formed upon stirring. The mixture was 
combined with saturated NH4Cl(aq) (20 mL) and extracted with ether (50 mL). The 
remaining non-dissolved solids were collected by filtration and washed thoroughly with 
ether (50 mL). The solid was dried under vacuum and collected as the desired compound. 
The remaining organic phase was concentrated under vacuum then purified by column 
chromatography (silica gel; 4% CH2Cl2 in hexanes) to afford another fraction of pure 
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compound. The two fractions were combined as a white solid (958 mg, 87%): m.p. 
240 °C (decomp); FTIR (neat) 2918, 2900, 2658, 2228, 1470, 1450, 1360, 1344, 1312, 
1254, 1180, 1098, 1060 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.58 (s, 2H),  2.03–1.97 (m, 
18H), 1.75–1.70 (m, 12H); 13C NMR (125 MHz, CDCl3)  135.75 (CH), 126.32, 123.71, 
105.69, 77.34, 42.47 (CH2), 36.32 (CH2), 30.52,  27.90 (CH); MS (MALDI) m/z calcd for 
C30H32Br2 [M]
+ 
552.1, found 552.0. 
 
 
1,4-Bis(1-adamantylethynyl)-2,5-diiodobenzene (29). An oven-dried three-necked 
round-bottom flask equipped with a stir bar charged with the dibromoaxle 28 (720 mg, 
1.3 mmol) and THF (12 mL) was cooled to −78 °C. To the flask was added dropwise a 
solution tert-butyllithium solution (1.7 M, 3.5 mL, 6.0 mmol) dropwise. The mixture was 
stirred at −78 °C for 1 h during which time the colorless suspension gradually became red. 
1,2-diiodoethane (1.10 g, 3.90 mmol) was added in one portion, and the mixture was 
allowed to gradually warm and stir overnight. The non-dissolved solids were filtered, 
washed with ether (50 mL), collected, and dried under vacuum. The organic phase was 
washed with saturated NaSO3(aq) and evaporated under vacuum to yield a white solid. The 
two solids were combined and used without further purifications (790 mg, 94%):  m.p. > 
250 °C; FTIR (neat) 2900, 2846, 2224, 1460, 1450, 1340, 1312, 1254, 1180, 1098, 1046 
cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.79 (s, 2H), 2.02–1.96 (m, 18H), 1.74–1.70 (m, 
12H); 
13
C NMR (125 MHz, CDCl3)  140.84 (CH), 130.68, 104.75, 100.17, 80.78, 42.44 
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(CH2), 36.32 (CH2), 30.51, 27.88 (CH); MS (MALDI) m/z calcd for C30H32Br2 [M]
+ 
552.1, found 552.0.
 
 
 
1,4-Dibromo-2-iodo-5-nitrobenzene (32). A 250 mL round-bottom flask equipped with 
a stir bar was charged with a solution of 2,5-dibromoaniline 31
29
 (10.4 g, 35.0 mmol) in 
ether (150 mL) and cooled to −30 °C. BF3∙OEt2 (17.6 mL, 140 mmol) was added and the 
mixture was stirred at −30 °C for 30 min. tert-Butylnitrite (16.8 mL, 122 mmol) was 
added and the reaction mixture was stirred for another 30 min at −30 °C. The diazonium 
salt that formed was filtered, washed with ether (50 mL) and quickly transferred to a 250 
mL three-neck round-bottom flask. The diazonium salt was dissolved in CH3CN (100 
mL), and NaI (10.5 g, 70.0 mmol) was added to the solution in portions. The reaction was 
stirred for 1 h, and the organic solvent was removed under vacuum. The mixture was 
combined with ether (250 mL), and the organic phase washed with saturated NaSO3(aq) 
(50 mL) and water (150 mL). The organic phase was dried over anhydrous MgSO4 and 
concentrated under vacuum. The crude compound was purified by column 
chromatography (silica gel; 2% to 3% CH2Cl2 in hexanes) to afford the desired 
compound as a white solid (10.4 g, 72%): m.p. 110–111 °C; FTIR (neat) 2846, 1564, 
1540, 1510, 1460, 1430, 1338, 1310, 1262, 1136, 1106, 1042 cm
-1
;
 1
H NMR (500 MHz, 
CDCl3)  8.26 (d; J = 0.2 Hz, 1H), 8.08 (d; J = 0.2 Hz, 1H); 
13
C NMR (125 MHz, CDCl3) 
 149.41 (significantly broader signal which corresponds to the carbon attached to the 
NO2 group), 145.28 (CH), 129.57, 128.63 (CH), 113.44, 107.74; HRMS (APCI) m/z 
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calcd for [M]
-
 C6H2NO2Br2I 404.7502, found 404.7502. Caution: The diazonium salt is 
potentially explosive. Handling behind a blast shield is recommended.  
 
 
2,5-Dibromo-4-(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)nitrobenzene (33). A 25 mL 
oven-dried round-bottom flask equipped with a stir bar was charged with the 
nitrobenzene 32 (2.03 g, 5.00 mmol), Pd(PPh3)2Cl2 (33 mg, 0.050 mmol), and CuI (190 
mg, 1.0 mmol). THF (15 mL), NEt3 (5 mL) and 4-(tert-butyldiphenylsilyloxy)-1-butyne 
(1.56 mL, 5.00 mmol) was added. The reaction was stirred at rt overnight. The resulting 
mixture was partitioned between saturated NH4Cl(aq) (50 m ) and CH2Cl2 (50 m ). The 
organic phase was washed with water (50 m ), brine (20 m ), dried over anhydrous 
MgSO4, and concentrated under vacuum. The crude compound was purified by column 
chromatography (silica gel; 15% CH2Cl2 in hexanes) to afford the desired compound as a 
brown oil (2.35 g, 80%): FTIR (neat) 2956, 2932, 2856, 2232, 1556, 1520, 1472, 1460, 
1428, 1384, 1336, 1270, 1106, 1070 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  8.08 (d, J = 0.3 
Hz), 7.71 (d, J = 0.3 Hz, 1H), 7.70–7.65 (m, 4H), 7.46–7.35 (m, 6H), 3.90 (t, J = 6.6 Hz, 
2H), 2.75 (t, J = 6.6 Hz, 2H), 1.07 (s, 9H); 13C NMR (125 MHz, CDCl3)  138.74 (CH), 
135.57 (CH), 133.36 (overlapping of two signals, both CH carbons), 131.63, 129.80 (CH), 
129.19 (CH), 127.75 (CH), 124.27, 112.96, 99.12, 78.21, 61.82 (CH2), 26.78 (CH3), 
23.95 (CH2), 19.24; HRMS (APCI) m/z calcd for [M]
- C26H25Br2NO3Si 584.9976, found 
584.9982. The side product 2,5-dibromonitrobenzene was identified by GC/mass. 
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2,5-Bis(1-adamantylethynyl)-4-(4-(tert-butyldiphenylsilyloxy)but-1-
ynyl)nitrobenzene (34). A 100 mL screw-capped tube was charged with 33 (2.35 g, 4.00 
mmol), Pd(PhCN)2Cl2 (92 mg, 0.24 mmol), 1-ethylnyladamantane (1.92 g, 12.0 mmol), 
HPt-Bu3BF4 (139 mg, 0.480 mmol), CuI (91 mg, 0.48 mmol), THF (10 mL) and NEt3 (10 
mL). The reaction was stirred at 60 °C for 12 h and then cooled to rt. The mixture was 
combined with saturated NH4Cl(aq) (30 mL) and partitioned between Et2O (50 mL). The 
organic phase was washed with water (50 mL), brine (20 mL), dried over MgSO4, and 
filtered, and the filtrate was concentrated under vacuum. The crude product was purified 
by column chromatography (silica gel, 20% CH2Cl2 in hexanes) to afford the desired 
product 34 as a slightly yellow solid (2.75 g, 92%): m.p. 88–91 °C; FTIR (neat) 2904, 
2852, 2226, 1600, 1546, 1512, 1482, 1450, 1428, 1336, 1316, 1272, 1110 cm
−1
; 
1
H NMR 
(500 MHz, CDCl3)  7.96 (d, J = 0.4 Hz), 7.70–7.65 (m, 4H), 7.49 (d, J = 0.4 Hz), 7.44–
7.35 (m, 6H), 3.90 (t, J = 7.2 Hz), 2.75 (t, J = 7.2 Hz), 2.05–1.85 (m, 18H), 1.75–1.60 (m, 
12H), 1.07 (s, 9H); 13C NMR (125 MHz, CDCl3)  147.96, 137.56 (CH), 135.51 (CH), 
133.44 (two signals overlapping), 130.62, 129.76 (CH), 127.74 (CH), 127.49 (CH), 
126.00, 117.83, 108.02, 105.70, 95.82, 78.99, 74.81, 62.30 (CH2), 42.48 (CH2), 42.19 
(CH2), 36.28 (CH2), 36.24 (CH2), 30.65, 30.38, 27.83 (CH2), 27.81 (CH), 26.80 (CH), 
23.85 (CH2), 19.24; MS (MA DI) m/z calcd for [M+H]
+ C50H56NO3Si 746.4, found 
746.3. 
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2,5-Bis(1-adamantylethynyl)-4-(4-(tert-butyldiphenylsilyloxy)but-1-ynyl)aniline (35). 
A 100 mL three-neck round-bottom flask equipped with a stir bar was charged with axle 
34 (370 mg, 0.50 mmol), EtOH (5 mL), and THF (5 mL). SnCl2∙H2O (680 mg, 3.0 mmol) 
was added in portions, and the mixture was stirred overnight. The organic phase was 
removed under vacuum, and CH2Cl2 (50 mL) was added. The organic phase was passed 
through a celite plug. The reaction mixture was washed with CH2Cl2 (50 mL), and the 
organic phase was passed through the celite plug. The filtrate was collected, dried under 
vacuum, and purified by column chromatography (silica gel, 30% CH2Cl2 in hexanes) to 
afford the target compound as a white powder (200 mg, 56%): m.p. 92–94 °C; FTIR 
(neat) 3482, 3386, 2902, 2850, 2162, 1980, 1612, 1536, 1494, 1428, 1314, 1110 cm
−1
; 
1
H 
NMR (500 MHz, CDCl3)  7.70–7.66 (m, 4H), 7.44–7.35 (m, 6H), 7.23 (d, J = 0.4 Hz), 
6.66 (d, J = 0.4 Hz), 4.14 (br s, 2H), 3.88 (t, J = 7.6 Hz), 2.71 (t, J = 7.6 Hz), 2.05–1.85 
(m, 18H), 1.75–1.60 (m, 12H); 13C NMR (125 MHz, CDCl3)  146.35, 135.52 (CH), 
135.30 (CH), 133.67, 129.62 (CH), 127.67 (CH), 126.47, 116.57 (CH), 115.56, 108.35, 
105.10, 102.46, 87.29, 80.26, 78.35, 74.90, 62.93 (CH2), 42.99 (CH2), 42.75 (CH2), 36.34 
(CH2), 36.31 (CH2), 30.43, 30.22, 27.96 (CH), 27.93 (CH), 26.82 (CH3), 23.73 (CH2), 
19.22; MS (MA DI) m/z calcd for [M+H]+ C50H58NOSi 716.4, found 716.3. 
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2,5-Bis(1-adamantylethynyl)-4-(4-(tert-butyldiphenylsilyloxy)but-1-
ynyl)iodobenzene (25). To an oven-dried 50 mL three-neck round-bottom flask charged 
with 35 (360 mg, 0.50 mmol) in CH3CN (2 mL) was added NOBF4 at −30 °C. The 
mixture was allowed to stir for 30 min, and NaI (64 mg, 0.55 mmol) was added. The 
reaction mixture was warmed to rt, and the organic phase was removed under vacuum. 
The residue was combined H2O (20 mL) and partitioned between CH2Cl2 (20 mL). The 
organic phase was washed with H2O (30 mL), brine (10 mL), and dried under vacuum. 
The crude product was purified by column chromatography (silica gel, 5% to 10% 
CH2Cl2 in hexanes) to afford the desired product as a white solid (80 mg, 19%): m.p. 94–
96 °C; FTIR (neat) 2900, 2850, 2226, 1982, 1614, 1490, 1450, 1428, 1374, 1316, 1190, 
1110, 1030 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.79 (d, J = 0.4 Hz, 1H), 7.70–7.65 (m, 
4H), 7.45-7.40 (m, 2H); 7.40–7.35 (m, 4H), 7.33 (d, J = 0.4 Hz, 1H), 3.88 (t, J = 7.4 Hz, 
2H), 2.71 (t, J = 7.4 Hz, 2H), 2.05-1.80 (m, 18H), 1.75–1.60 (m, 12H), 1.06 (s, 9H); 13C 
NMR (125 MHz, CDCl3)  141.05 (CH), 135.52 (CH), 134.56 (CH), 133.55, 129.69 
(CH), 129.17, 127.71 (CH), 126.37, 125.79, 104.41, 103.78, 99.63, 91.86, 81.49, 79.48, 
76.94, 62.53 (CH2), 42.62 (CH2), 42.51 (CH2), 36.35 (CH2), 36.29 (CH2), 30.46, 30.32, 
27.91 (CH), 27.87 (CH), 26.81 (CH), 23.77 (CH2), 19.23; MS (MA DI) m/z calcd for 
[M+Na]+ C50H55IOSiNa 716.4, found 716.3. Note: A protocol similar to synthesizing 2,5-
dibromo-4-iodonitrobenzene 32 was tried. However, the diazonium salt intermediate was 
soluble in ether and thus no clean intermediate was obtained. This protocol only led to a 
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trace amount of 25. It is known that NOBF4 reacts with ethereal solvents, such as ether 
and THF.
32
 Therefore, NOBF4 might have reacted with the silyl-ether linkage and 
resulted in low yield of the product.  
 
 
2,5-Dibromo-4-(4-(tert-butyldimethylsilyloxy)but-1-ynyl)iodobenzene (36). An oven-
dried 25 mL round-bottom flask equipped with a stir bar was charged with 2,5-dibromo-
1,4-diiobenzene (26) (1.25 g, 2.60 mmol), Pd(PPh3)2Cl2 (42 mg, 0.06 mmol), and CuI (23 
mg, 0.12 mmol). THF (4 mL) and NEt3 (2 mL) were added, and the mixture was cooled 
to 0 °C.  4-(tert-Butyldimethylsilyloxy)-but-1-yne (30) (0.41 m , 2.0 mmol) was added 
at 0 °C. The reaction was stirred overnight while gradually warming up to rt. The 
resulting mixture was combined with saturated NH4Cl(aq) (20 m ) and partitioned 
between CH2Cl2 (30 m ). The organic phase was dried over anhydrous MgSO4 and 
concentrated under vacuum. The crude compound was purified by column 
chromatography (silica gel; 4% to 7% CH2Cl2 in hexanes) to afford the desired 
compound as a white solid (575 mg, 53%): m.p. 42–44 °C;FTIR 3080, 2950, 2928, 2882, 
2856, 2236, 1470, 1444, 1424, 1384, 1326, 1252, 1216, 1100, 1056, 1004 cm
-1
 (neat);
 1
H 
NMR (500 MHz, CDCl3)  8.02 (d, J = 0.2 Hz, 1H), 7.64 (d, J = 0.2 Hz, 1H), 3.83 (t, J = 
7.0 Hz, 1H), 2.66 (t, J = 7.0 Hz, 1H), 0.91 (s, 9H), 0.09 (s, 6H); 
13
C NMR (125 MHz, 
CDCl3)  142.43(CH), 136.00 (CH), 128.11, 127.30, 124.12, 100.54, 95.04, 78.61, 61.46 
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(CH2), 25.87 (CH3), 24.05 (CH2), 18.32, −5.26 (CH3); MS (MA DI) m/z calcd for 
[M+Na]+ C16H21Br2IOSiNa 564.9, found 565.2. 
 
 
Nanocar precursor 37. An oven dried 10 mL Schlenk-tube equipped with a stir bar was 
charged with motor 24 (138 mg, 0.330 mmol), iodoaxle 23 (338 mg, 0.650 mmol), the 
iodobenzene 36 (177 mg, 0.330 mmol), Pd(PPh3)4 (30 mg, 0.026 mmol), and CuI (10 mg, 
0.052 mmol). NEt3 (0.8 mL) and THF (2.5 mL) were added, and the mixture was stirred 
at 60 °C for 16 h. After cooling to rt, the mixture was partitioned between saturated 
NH4Cl(aq) (20 mL) and CH2Cl2 (30 mL). The organic phase was washed with water (30 
mL), dried over anhydrous MgSO4, filtered, and the filtrate was concentrated under 
vacuum. The crude product was purified by column chromatography (silica gel, 20% to 
30% CH2Cl2 in hexanes) to yield 37 as a yellow solid (155 mg, 39%): FTIR (neat) 2902, 
2850, 2222, 1476, 1450, 1386, 1356, 1318, 1250, 1100, 1068 cm
-1
; 
1
H NMR (500 MHz, 
CDCl3)  7.98 (d, J = 1.7 Hz, 0.5H), 7.92 (d, J = 1.6 Hz, 0.5H), 7.79–7.75 (m, 1.5H), 
7.79–7.69 (m, 1H), 7.67 (br s, 0.5H), 7.61–7.57 (m, 1H), 7.59 (dd, J1 = 1.7 Hz, J2 = 0.5 
Hz, 0.5 H), 7.57 (d, J = 0.3 Hz, 0.5H), 7.56 (d, J = 0.3 Hz, 0.5H), 7.53 (br s, 0.5H), 7.46–
7.40 (m, 2.5H), 7.34 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 0.5H), 7.27–7.24 (m, 1H), 7.22 (dd, J1 
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= 8.1 Hz, J2 = 1.8 Hz, 0.5H), 7.22–7.16 (m, 1H), 7.19 (dd, J1 = 8.0 Hz, J2 = 0.5 Hz, 0.5H), 
7.18 (dd, J1 = 8.0 Hz, J2 = 1.8 Hz, 0.5H), 7.13 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.5H), 6.88 
(dd, J1 = 1.8 Hz, J2 = 0.4 Hz, 0.5H),  6.88–6.82 (m, 2.5H), 4.30 (qd, J1 = Hz, J2 = Hz, 
0.5H), 4.24 (qd, J1 = Hz, J2 = Hz, 0.5H), 3.85 (t, J = 7.0 Hz, 1H), 3.82 (t, J = 7.1 Hz, 1H), 
3.67 (dd, J1 = 15.5 Hz, J2 = 6.2 Hz, 0.5H), 3.65 (dd, J1 = 15.6 Hz, J2 = 6.2 Hz, 0.5H), 
2.71 (t, J = 7.1 Hz, 1H), 2.67 (t, J = 7.0 Hz, 1H), 2.664 (d, J = 15.6 Hz, 0.5H), 2.657 (d, J 
= 15.5 Hz, 0.5H), 2.02–1.90 (m, 15H), 1.84–1.80 (m, 3H), 1.76–1.64 (m, 12H), 0.92 (s, 
4.5H), 0.90 (s, 4.5H), 0.84 (d, J = 6.9 Hz, 1.5H), 0.82 (d, J = 6.9 Hz, 1.5H), 0.11 (s, 3H), 
0.09 (s, 3H); 
13
C NMR (125 MHz, CDCl3)  147.64, 146,58, 146.17, 146.09, 139.98, 
139.94, 137.96, 137.53, 137.28, 136.60, 136.37 (CH), 136.09 (CH), 135.96, 135.89 (CH), 
135.49 (CH), 135.44, 134.72 (CH), 134.56 (CH), 134.47, 134.28, 133.16, 133.12, 131.88 
(CH), 131.75 (CH), 131.53 (CH), 131.31 (CH), 131.04 (CH), 131.01 (CH), 130.84 (CH), 
130.79 (CH), 130.64 (CH), 130.58 (CH), 129.60 (CH), 129.24 (CH), 129.23 (CH), 
129.18 (CH), 128.65, 128.16 (CH), 128.09 (CH), 127.90 (CH), 127.81 (CH), 127.52 
(CH), 127.46 (CH), 126.95, 126.58, 126.55, 126.46, 125.85, 125.82, 125.80 (CH), 125.78 
(CH), 125.56, 125.39, 125.38, 125.08, 124.97 (CH), 124.96 (CH), 124.91 (CH), 124.47 
(CH), 124.46 (CH), 123.78, 123.69 (CH), 123.65, 123.62 (CH), 123.58, 123.34, 123.21, 
122.91, 121.89, 121.86, 120.61, 120.50, 104.06, 103.76, 100.28, 100.04, 96.12, 95.67, 
95.64, 95.31, 92.65, 92.18, 88.91, 88.20, 87.49, 86.75, 79.17, 79.13, 78.61, 78.59, 78.27, 
78.08; 61.55 (CH2), 61.54 (CH2), 42.94 (CH2), 42.75 (CH2), 42.74 (CH2), 42.74 (CH2), 
39.72 (CH2), 39.71 (CH2), 37.88, 37.83, 36.41(CH2), 36.350 (CH2), 36.346 (CH2), 36.30 
(CH2), 30.49, 30.29, 30.16, 30.11, 27.99 (CH), 27.97 (CH), 27.96 (CH), 27.95 (CH), 
25.89 (CH), 25.88 (CH), 24.13 (CH2), 24.08 (CH2), 19.63 (CH3), 19.59 (CH3), 18.34, 
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18.32, –5.24 (CH3), –5.26 (CH3); MS (MALDI) m/z calcd for [M+H]
+
 C77H73Br2OSSi 
1231.4,  found 1231.1. 
 
 
(4,4'-(4,4'-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(ethyne-2,1-diyl)bis(2,5-dibromo-4,1-phenylene))bis(but-3-
yne-4,1-diyl))bis(oxy)bis(tert-butyldimethylsilane) (38). The procedure is identical to 
that described for 37. Motor 24 (42 mg, 0.10 mmol), iodoaxle 23 (104 mg, 0.200 mmol), 
the iodobenzene 36 (109 mg, 0.200 mmol), Pd(PPh3)4 (9.8 mg, 0.0080 mmol), and CuI 
(3.3 mg, 0.016 mmol), NEt3 (0.3 mL) and THF (0.7 mL) were used. The product 38 was 
obtained as a yellow solid (89 mg, 71%): m.p. 194–196 °C; FTIR (neat) 2928, 2902, 
2854, 2212, 1594, 1476, 1452, 1356, 1252, 1100, 1068, 1004 cm
-1
; 
1
H NMR (500 MHz, 
CDCl3)  7.95 (d, J = 1.7 Hz, 1H), 7.79–7.75 (m, 2H), 7.71 (br d, J = 8.0 Hz, 1H), 7.67 (d, 
J = 0.2 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.56 (dd, J1 = 8.1 Hz, J2 = 0.4 Hz, 1H), 7.52 (d, 
J = 0.2 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.43 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 1H), 7.43 (d, 
J = 0.2 Hz, 1H), 7.20 (ddd, J1 = 8.1 Hz, J2 = 6.4 Hz, J3 = 1.6 Hz, 1H), 7.18 (dd, J1 = 8.1 
Hz, J2 = 1.8 Hz, 1H), 6.87 (dd, J1 = 1.8 Hz, J2 = 0.5 Hz, 1H), 6.86 (ddd, J1 = 8.5 Hz, J2 = 
6.4 Hz, J3 = 1.2 Hz, 1H), 6.84–6.82 (m, 1H), 4.27 (td, J1 = 6.9 Hz, J2 = 6.2 Hz, 1H), 3.85 
(t, J = 7.1 Hz, 2H), 3.82 (t, J = 7.0 Hz, 2H), 3.70 (dd, J1 = 15.5 Hz, J2 = 6.2 Hz, 1H), 2.71 
(t, J = 7.0 Hz, 2H),  2.69–2.65 (m, 3H), 0.92 (s, 9H), 0.90 (s, 9H), 0.83 (d, J = 6.9 Hz, 
3H), 0.11 (s, 6H), 0.09 (s, 6H); 
13
C NMR (125 MHz, CDCl3)  147.93, 146.19, 139.81, 
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137.59, 137.01, 136.37 (CH), 136.35, 136.08 (CH), 135.88 (CH), 135.48 (CH), 134.43, 
133.15, 131.98 (CH), 130.90 (CH), 130.63 (CH), 129.37 (CH), 129.25 (CH), 128.63, 
128.11 (CH), 127.89 (CH), 127.49 (CH), 126.97, 126.57, 126.22, 125.82, 125.78, 125.77 
(CH), 124.99 (CH), 124.50 (CH), 123.81, 123.75 (CH), 123.65, 123.61, 123.34, 120.71, 
120.57, 96.06, 95.64, 95.61, 95.32, 87.57, 86.82, 79.17, 79.13, 61.55 (CH2), 61.53 (CH2), 
39.76 (CH2), 37.85 (CH), 25.89 (CH), 25.88 (CH), 24.12 (CH2), 24.08 (CH2), 19.60 (CH), 
18.34, 18.32, −5.24 (CH3), −5.26 (CH3); MS (MA DI) m/z calcd for [M+H]
+ 
C63H61Br4O2SSi2 1253.1, found 1253.0. 
 
 
Nanocar 39. An oven dried 10 mL Schlenk-tube equipped with a stir bar was charged 
with nanocar precursor 37 (123 mg, 0.100 mmol), 1-ethynyladamantane (27) (64 mg, 
0.40 mmol), Pd(PhCN)2Cl2 (3.8 mg, 0.010 mmol), CuI (3.8 mg, 0.010 mmol), and HPt-
Bu3BF4 (5.9 mg, 0.020 mmol). NEt3 (1 mL) was added, and the mixture was stirred at 
45 °C for 16 h. After cooling to rt, the mixture was partitioned between saturated 
NH4Cl(aq) (20 mL) and CH2Cl2 (30 mL). The organic phase was washed with water (30 
mL), dried over anhydrous MgSO4, filtered, and the filtrate was concentrated under 
vacuum. The crude product was purified by column chromatography (silica gel, 20% to 
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30% CH2Cl2 in hexanes) to yield 39 as a yellow solid (128 mg, 92%): FTIR (neat) 2902, 
2850, 2222, 1592, 1488, 1450, 1318, 1100 cm
-1
; 
1
H NMR (500 MHz, CDCl3) δ 7.94 (d, J 
= 1.7 Hz, 0.5H), 7.92 (d, J = 1.6 Hz, 0.5H), 7.79–7.75 (d, J = 8.2 Hz, 1H, two sets of 
signals overlapping, the J value was measured as it appeared), 7.73–7.69 (d, J = 8.3 Hz, 
1H, two sets of signals overlapping, the J value was measured as it appeared), 7.60–7.55 
(m, 2H), 7.58 (dd, J1 = 1.7 Hz, J2 = 0.6 Hz, 0.5H), 7.56 (d, J = 0.5 Hz, 0.5H), 7.46 (d, J = 
0.5 Hz, 0.5H), 7.44 (s, 0.5H), 7.43 (s, 0.5H), 7.42 (dd, J1 = 7.9 Hz, J2 = 1.8 Hz, 0.5H), 
7.40 (dd, J1 = 7.8 Hz, J2 = 1.7 Hz, 0.5H), 7.34 (dd, J1 =  8.1 Hz, J2 = 0.6 Hz, 0.5H), 7.31 
(d, J = 0.4 Hz, 0.5H), 7.25 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.5H), 7.24 (dd, J1 = 1.7 Hz, J2 = 
0.6 Hz, 0.5H), 7.217 (dd, J1 = 7.9 Hz, J2 = 1.7 Hz, 0.5H), 7.215 (d, J = 0.5 Hz, 0.5H), 
7.21–7.16 (m, 1H), 7.20 (dd,  J1 = 7.9 Hz, J2 = 1.8 Hz, 0.5H), 7.19 (dd, J1 = 8.1 Hz, J2 = 
0.6 Hz, 0.5H), 7.13 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 0.5H), 6.88-6.81 (m, 3H), 4.32-4.22 (m, 
1H), 3.88–3.79 (m, 2H), 3.67–3.60 (dd, J1 = 15.5 Hz, J2 = 6.2 Hz, 1H, two sets of signals 
overlapping, the J value was measured as it appeared), 2.72–2.63 (m, 3H), 2.05–1.89 (m, 
30H), 1.86–1.81 (m, 6H), 1.77–1.66 (m, 24H), 0.92 (s, 4.5H), 0.90 (s, 0.5H), 0.81 (d, J = 
6.7 Hz, 3H, two sets of signals overlapping, the J value was measured as it appeared), 
0.10 (s, 3H), 0.08 (s, 3H); 
13
C NMR (125 MHz, CDCl3) δ 147.33 (overlapping of two 
signals), 146.15, 146.13, 140.16, 140.11, 137.89, 137.85, 136.33, 136.15, 135.81, 135.63, 
135.11 (CH), 134.79 (overlapping of two signals, both CH carbons), 134.72 (CH), 134.65 
(CH), 134.64 (CH), 134.34, 134.34, 133.12 (overlapping of two signals, both quaternary 
carbons), 131.75 (CH), 131.45 (CH), 131.41 (CH), 131.34 (CH), 131.01 (CH), 130.87 
(CH), 130.85 (CH), 130.72 (overlapping of two signals, both CH carbons), 130.61 (CH), 
129.54 (CH), 129.52 (CH), 129.17 (CH), 129.13 (CH), 128.665, 128.660, 128.14 (CH), 
147 
128.13 (CH), 127.81 (CH), 127.79 (CH), 127.49 (CH), 127.47 (CH), 126.822, 126.817, 
125.80 (CH), 125.78 (CH), 125.64, 125.56, 125.42, 125.36, 125.33, 125.23, 125.15, 
125.08, 125.02, 124.89 (overlapping of two signals, both CH signals), 124.85, 124.54, 
124.43 (overlapping of two signals, both CH carbons), 124.38, 123.62 (overlapping of 
two signals, both CH carbons), 123.19, 122.89, 121.83, 121.77, 121.69, 121.63, 104.16, 
104.08, 103.86, 103.78, 103.75, 103.49, 100.26, 100.02, 93.82, 93.40, 92.67, 92.22, 92.21, 
91.94, 88.82, 88.66, 88.15, 88.02, 80.00, 79.77, 78.61, 78.58, 78.24, 78.07, 77.67, 77.66, 
77.62, 77.50, 62.08 (CH2), 62.06 (CH2), 42.91 (CH2), 42.86 (CH2), 42.80 (CH2), 42.78 
(CH2), 42.76 (CH2), 42.75 (CH2), 42.73 (CH2), 42.70 (CH2), 39.71 (CH2), 37.91 (CH), 
36.39 (CH2), 36.38 (CH2), 36.35 (overlapping of four signals, all CH2 carbons), 36.32 
(CH2), 36.31 (CH2), 30.48, 30.46, 30.38, 30.32, 30.31, 30.29, 30.16, 30.10, 27.99 (CH), 
27.96 (overlapping of three signals, all CH carbons), 27.96 (CH), 27.95 (overlapping of 
two signals, both CH carbons), 27.94 (CH), 25.91 (CH3), 25.90 (CH3), 24.06 (CH2), 
24.02 (CH2), 19.56 (CH3), 18.36, 18.34, −5.27 (CH3), −5.29 (CH3); MS (MA DI) m/z 
calcd for [M]+ C101H102OSSi 1390.7, found 1390.7. 
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Nanocar 21. To an oven-dried 10 mL round-bottom flask charged with nanocar 39 (98 
mg, 0.070 mmol) was added TBAF (0.08 mL, 1 M solution in THF) and THF (5 mL). 
The reaction was stirred for 1 h at room temperature. The mixture was partitioned 
between water (30 mL) and CH2Cl2 (25 mL). The organic layer was dried over MgSO4, 
concentrated, and purified by column chromatography (silica gel, 50% CH2Cl2 in 
hexanes) to afford desired compound 21 as a pale yellow solid (67 mg, 74%): FTIR 
(neat) 3548, 2902, 2850, 2222, 1450, 1316, 1052 cm
-1
; 
1
H NMR (500 MHz, CDCl3) δ 
7.94 (d, J = 1.6 Hz, 0.5H), 7.93 (d, J = 1.7 Hz, 0.5H), 7.77 (d, J = 8.3 Hz, 1H, 
overlapping of two sets of signals, the J value was measured as it appeared), 7.71 (d, J = 
8.2 Hz, 1H, overlapping of two sets of signals, the J value was measured as it appeared), 
7.61–7.55 (m, 3H), 7.48 (br s, 0.5H), 7.45–7.42 (m, 1H), 7.42 (dd, J1 = 8.1 Hz, J2 = 1.7 
Hz, 0.5H), 7.41 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 0.5H), 7.36-7.32 (m, 1H), 7.26 (dd, J1 = 8.0 
Hz, J2 = 1.7 Hz, 0.5H), 7.24–7.23 (m, 1H), 7.23–7.17 (m, 2.5H), 7.13 (dd, J1 = 8.1 Hz, J2 
= 1.7 Hz, 0.5H), 6.88–6.82 (m, 3H), 4.32–4.24 (m, 1H), 3.88–3.76 (m, 2H), 3.64 (dd, J1 = 
15.5 Hz, J2 = 6.1 Hz, 1H, overlapping of two sets of signals, the J value was measured as 
it appeared), 2.75 (t, J = 6.1 Hz, 1H), 2.67 (t, J = 6.1 Hz, 1H),  2.66 (d, J = 15.5 Hz, 1H, 
overlapping of two sets of signals, the J value was measured as it appeared), 2.05–1.80 
(m, 36H), 1.77–1.65 (m, 24H), 0.82 (d, J = 6.8 Hz, 3H, overlapping of two sets of signals, 
the J value was measured as it appeared); 
13
C NMR (125 MHz, CDCl3) δ 147.35, 147.34, 
146.17, 146.13, 140.17, 140.10, 137.90, 137.84, 136.41, 136.13, 135.90, 135.62, 135.12 
(CH), 135.07 (CH), 134.93 (CH), 134.79 (CH), 134.71 (CH), 134.65 (CH), 134.330, 
134.329, 133.12 (overlapping of two signals, both quaternary carbons), 131.76 (CH), 
131.44 (CH), 131.42 (CH), 131.35 (CH), 131.02 (CH), 130.87 (CH), 130.86 (CH), 
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130.74 (CH), 130.72 (CH), 130.62 (CH), 129.55 (CH), 129.53 (CH), 129.18 (CH), 
128.15 (CH), 128.66 (overlapping of two signals, both quaternary carbons), 128.13 
(overlapping of two signals, both CH carbons), 127.83 (CH), 127.80 (CH), 127.51 (CH), 
127.47 (CH), 126.82, 126.80, 125.79 (overlapping of two signals, both CH carbons), 
125.55, 125.42, 125.41, 125.33, 125.26, 125.14, 125.02, 125.00, 124.96, 124.90 
(overlapping of two signals, both CH carbons), 124.83, 124.67, 124.57, 124.44 
(overlapping of two peaks, both CH carbons), 123.63 (CH), 123.61 (CH), 123.19, 122.90, 
121.84, 121.78, 121.61, 121.56, 104.34, 104.08, 104.04, 104.01, 103.78, 103.75, 100.27, 
100.03, 94.00, 93.58, 92.66, 92.20, 91.79, 91.50, 88.83, 88.56, 88.16, 87.93, 81.117, 
81.111, 78.61, 78.58, 78.24, 78.07, 77.74, 77.70, 77.60, 77.42, 60.97 (CH2), 60.94 (CH2), 
42.91 (CH2), 42.85 (CH2), 42.76 (CH2), 42.75 (CH2), 42.731 (CH2), 42.725 (CH2), 42.70 
(CH2), 42.69 (CH2), 39.71 (CH2), 37.92 (CH), 37.90 (CH), 36.40 (CH2), 36.37 (CH2), 
36.35 (CH2), 36.34 (CH2), 36.32 (overlapping of two signals, both CH2 carbons), 36.32 
(CH2), 36.30 (CH2), 30.48, 30.47, 30.42, 30.36, 30.31, 30.30, 30.16, 30.10, 27.99 (CH), 
27.962 (CH), 27.957 (CH), 27.955 (CH), 27.953 (CH), 27.946 (CH), 27.936 (CH), 27.93 
(CH), 24.17 (CH2), 24.14 (CH2), 19.57 (overlapping of two signals, both CH3 carbons); 
MS (MA DI) m/z calcd for [M+Na]+ C95H88OSNa 1299.7, found 1299.5. 
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Cy5-tagged nanocar 20. An oven dried 10 mL Schlenk-tube equipped with a stir bar 
was charged with nanocar 21 (25.5 mg, 0.0200 mmol), cy5 dye 22 (12.5 mg, 0.0240 
mmol), N,N'-dicyclohexylcarbodiimide (5.0 mg, 0.024 mmol) and 4-
dimethylaminopyridine (2.6 mg, 0.024 mmol). CH2Cl2 (2 mL) was added, and the 
reaction was stirred at rt overnight in the absence of light. The mixture was purified by 
column chromatography (silica gel, 2% MeOH in CH2Cl2) to afford the cy5-tagged 
nanocar 20 as a blue solid (31.0 mg, 89%): FTIR (neat) 3404, 2902, 2850, 2220, 1732, 
1480, 1450, 1370, 1334, 1216, 1144, 1090, 1040, 1016 cm
-1
; 
1
H NMR (500 MHz, 
CDCl3) δ 8.09–8.01 (m, 2H), 8.00 (d, J = 1.7 Hz, 0.5H), 7.97 (d, J = 1.7 Hz, 0.5H), 7.813 
(d, J = 8.2 Hz, 0.5H), 7.806 (d, J = 8.2 Hz, 0.5H), 7.78–7.73 (m, 1H), 7.66–7.60 (m, 2H), 
7.57 (dd, J1 = 1.7 Hz, J2 = 0.6 Hz, 0.5H), 7.53 (d, J = 0.5 Hz, 0.5H), 7.50–7.47 (m, 1H), 
7.46 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz 0.5H), 7.44 (d, J = 0.5 Hz, 0.5H), 7.43–7.36 (m, 4.5H), 
7.34 (d,  J = 0.6 Hz, 0.5H), 7.29 (d, J = 0.5 Hz, 0.5H), 7.29–7.20 (m, 5H), 7.17 (d, J = 0.5 
Hz, 0.5H), 7.15 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.5H), 7.15–7.06 (m, 2.5H), 6.91–6.86 (m, 
3H), 6.73–6.63 (m, 1H), 6.25–6.15 (m, 2H), 4.34–4.27 (m, 1H), 4.29 (t, J = 6.8 Hz, 1H), 
4.25 (t, J = 6.8 Hz, 1H), 4.02–3.94 (m, 2H), 3.70–3.62 (m, 1H), 3.61 (s, 1.5H), 3.59 (s, 
1.5H), 2.84 (t, J = 6.8 Hz, 1H), 2.79 (t, J = 6.8 Hz, 1H), 2.69 (d, J = 15.7 Hz, 0.5H), 2.68 
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(d, J = 15.7 Hz, 0.5H), 2.41 (t, J =  7.3 Hz, 1H), 2.38 (t, J = 7.3 Hz, 1H), 2.04–1.80 (m, 
36H), 1.80–1.66 (m, 38H), 1.55–1.46 (m, 2H), 0.81 (d, J = 6.8 Hz, 3H); 13C NMR (125 
MHz, CDCl3) δ 174.04, 174.00, 173.52 (overlapping of two signals, both quaternary 
carbons), 173.31, 173.28, 153.96 (overlapping of two signals, both CH carbons), 153.82 
(CH), 153.79 (CH), 147.89, 147.88, 147.03, 146.93, 143.08, 143.06, 142.37, 142.31, 
141.66, 141.62, 141.39, 141.37, 140.78, 140.69, 138.37, 138.30, 137.04, 136.76, 136.71, 
136.41, 135.44 (CH), 135.15 (CH), 135.09 (CH), 135.05 (CH), 134.95 (CH), 134.86 
(CH), 134.63, 134.60, 133.56, 133.55, 132.20 (CH), 131.89 (CH), 131.72 (CH), 131.68 
(CH), 131.41 (CH), 131.28 (overlapping of two signals, both CH carbons), 131.11 
(overlapping of two signals, both CH carbons), 131.05 (CH), 130.03 (CH), 129.99 (CH), 
129.59 (CH), 129.53 (CH), 129.08, 129.07, 129.03 (CH), 129.00 (overlapping of three 
signals, all CH carbons), 128.47 (overlapping of two signals, both CH carbons), 128.31 
(CH), 128.29 (CH), 128.17 (CH), 128.11 (CH), 127.22, 127.18, 126.15 (CH), 126.13 
(CH), 125.87, 125.74, 125.71 (overlapping of two signals, both quaternary carbons), 
125.67 (overlapping of four signals, all CH carbons), 125.63, 125.62, 125.60 (CH), 
125.58, 125.57 (CH), 125.402, 125.398, 125.34 (CH), 125.32 (CH), 125.28, 125.00, 
124.93, 124.74 (CH), 124.71 (CH), 124.26 (CH), 124.20 (CH), 123.75, 123.51, 122.72 
(CH), 122.71 (CH), 122.60 (CH), 122.59 (CH), 122.09, 121.89, 121.82, 121.62, 111.02 
(CH), 111.00 (CH), 110.91 (CH), 110.90 (CH), 105.01, 104.78, 104.74, 104.72, 104.57, 
104.48, 103.81 (CH), 103.76 (CH), 103.68 (CH), 103.67 (CH), 100.95, 100.78, 94.44, 
94.01, 93.03, 92.57, 92.03, 91.86, 89.06, 88.76, 88.38, 88.11, 82.27, 80.22, 78.74, 78.66, 
78.45, 78.23, 77.82, 77.78, 77.69, 77.59, 62.60 (CH2), 62.56 (CH2), 49.864, 49.856, 
49.75, 49.74, 44.62 (CH2), 44.59 (CH2), 43.31 (CH2), 43.25 (CH2), 43.18 (CH2), 43.15 
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(CH2), 43.14 (CH2), 43.11 (CH2), 43.08 (overlapping of two signals, both CH2 carbons), 
40.07 (CH2), 40.06 (CH2), 38.44 (CH3), 38.40 (CH3), 36.73 (CH2), 36.68 (overlapping of 
two signals, both CH2 signals), 36.67 (overlapping of three signals, all CH2 signals), 
36.66 (CH2), 36.63 (CH2), 34.20 (CH2), 34.19 (CH2), 30.911, 30.907, 30.83, 30.77, 30.75, 
30.73, 30.59, 30.53, 28.52 (overlapping of two signals, both CH carbons), 28.51 
(overlapping of two signals both CH carbons), 28.50 (CH), 28.48 (CH), 28.47 (CH), 
28.46 (CH), 28.21 (overlapping of two signals, both CH3 signals), 28.20 (CH3), 28.18 
(CH3), 28.07 (overlapping of two signals, both CH3 carbons), 27.47 (CH2), 27.43 (CH2), 
26.77 (CH2), 26.72 (CH2), 24.95 (CH2), 24.91 (CH2), 20.56 (CH2), 20.51 (CH2), 19.64 
(CH3), 19.63 (CH3); HRMS (ESI) m/z calcd for [M–Cl]
+ C127H125O2S 1741.9467, found 
1741.9456. 
 
 
Nanocar precursor 40. The procedure is identical to that described for 36. Motor 19 
(170 mg, 0.370 mmol), the iodoaxle 23 (416 mg, 0.800 mmol), iodobenzene 36 (218 mg, 
0.400 mmol), Pd(PPh3)4 (37 mg, 0.032 mmol), CuI (12 mg, 0.064 mmol), NEt3 (1 mL) 
and THF (3 mL) were used. The product 40 was obtained as a yellow solid (208 mg, 
41%): FTIR (neat) 2902, 2850, 2220, 1476, 1450, 1356, 1252, 1100, 1068 cm
-1
; 
1
H NMR 
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(500 MHz, CDCl3) δ 7.78–7.76 (m, 1H), 7.77 (d, J = 0.2 Hz, 0.65H), 7.68 (d, J = 0.2H, 
0.65H), 7.66–7.57 (m, 3.7H), 7.54–7.46 (m, 2.35H), 7.42 (d, J = 8.5 Hz, 0.65H), 7.41 (d, 
J = 8.5 Hz, 0.35H), 7.34 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.35H), 7.31 (dd, J1 = 1.7 Hz, J2 = 
0.6 Hz, 0.65H), 7.26 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.35H), 7.25 (dd, J1 = 8.1 Hz, J2 = 0.5 
Hz, 0.35H), 7.24 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 0.65H), 7.23 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 
0.65H), 7.17 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 0.65H), 7.13 (ddd, J1 = 8.2 Hz, J2 = 6.8 Hz, J3 
= 1.2 Hz, 0.35H), 7.12 (ddd, J1 = 8.0 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz, 0.65H), 7.02 (ddd, J1 = 
8.5 Hz, J2 = 6.8 Hz, J3 = 1.3 Hz, 1H, overlapping of two sets of signals, the J values were 
measured as it appeared), 6.92 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 0.65H), 6.88 (dd, J1 = 8.1 Hz, 
J2 = 1.8 Hz, 0.35H), 6.53 (dd, J1 = 1.8 Hz, J2 = 0.5 Hz, 0.65H), 6.49 (dd, J1 = 1.7 Hz, J2 = 
0.4 Hz, 0.35H), 4.16 (dqd, J1 = 7.4 Hz, J2 = 6.7 Hz, J3 = 3.5 Hz, 0.35H), 4.12 (dqd, J1 = 
7.4 Hz, J2 = 6.7 Hz, J3 = 3.4 Hz, 0.65H), 3.86 (t, J = 7.0 Hz, 1.3H), 3.84 (t, J = 7.1 Hz, 
0.7H), 3.74 (dd, J1 = 11.5 Hz, J2 = 7.4 Hz, 0.35H), 3.70 (dd, J1 = 11.4 Hz, J2 = 7.4 Hz, 
0.65H), 3.09 (dd, J1 = 11.5 Hz, J2 = 3.5 Hz, 0.35H), 3.08 (dd, J1 = 11.4 Hz, J2 = 3.4 Hz, 
0.7H), 2.71 (t, J = 7.0 Hz, 1.3H), 2.69 (t, J = 7.1 Hz, 0.7H), 2.04–1.82 (m, 18H), 1.75–
1.64 (m, 12H), 0.925 (s, 5.85H), 0.916 (s, 3.15H), 0.83 (d, J = 6.7 Hz, 3H, overlapping of 
two sets of signals, the J value was measured as it appeared), 0.11 (s, 3.9H), 0.10 (2.1H); 
13
C NMR (125 MHz, CDCl3) δ 138.42, 138.31, 138.06, 137.82, 137.42, 136.39, 136.16, 
136.15, 135.97, 135.83, 135.70, 135.64, 135.53, 135.47, 135.38, 134.80, 134.64 
(overlapping of two signals), 134.16, 132.41, 131.99, 131.78, 131.60, 131.45, 131.16, 
130.75, 130.74, 130.72, 130.70, 130.63, 130.56, 130.53, 130.51, 130.13, 129.87, 129.41, 
128.92, 128.04, 128.02, 127.92, 127.88, 127.82, 127.74, 127.08, 126.59, 126.40, 126.39, 
126.29, 125.97, 125.87 (overlapping of two signals), 125.67, 125.58, 125.56, 125.51, 
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125.39, 125.23, 125.11, 124.46, 124.37, 123.84 (overlapping of two signals), 123.79, 
123.70, 123.67, 123.41, 123.22, 122.93, 121.76, 120.95, 120.48, 119.56, 104.21, 103.91, 
100.33, 100.11, 95.82, 95.75, 95.57, 95.36, 92.31, 92.17, 89.25, 88.05, 87.84, 86.74, 
79.16, 79.15, 78.63, 78.57, 78.20, 78.04, 61.55 (CH2), 61.54 (CH2), 42.76 (CH2), 42.75 
(overlapping of two signals, both CH2 carbons), 42.74 (CH2), 37.25 (CH2), 37.08 (CH2), 
36.365 (CH2), 36.355 (CH2), 36.347 (CH2), 36.33 (CH2), 32.85 (CH), 32.81 (CH), 30.49, 
30.33, 30.16, 30.15, 27.97 (overlapping of two signals), 27.96 (CH), 27.95 (CH), 25.890 
(CH3), 25.886 (CH3), 24.13 (CH2), 24.10 (CH2), 19.27 (overlapping of two signals, both 
CH3 carbons), 18.34, 18.33, −5.24 (CH3), −5.25 (CH3); MS (MA DI) m/z calcd for 
[M+Na]+ C77H72Br2OS2SiNa 1285.3, found 1285.0. Note: Nanocar precursor 40 existed 
as a mixture of two isomers, and the ratio was determined to be 65:35 by comparing the 
integrations of the tert-butyl groups and the silyl methyl groups in its 1H NMR. 13C and 
DEPT-135 NMR spectra of the first sample were recorded. After obtaining the spectra, 
the NMR sample was irradiated with 365 nm light for 16 h (3 mW/cm2) and subsequently 
heated to 60 °C overnight in the absence of light. After this process, the ratio changed to 
38:62. The 1H, 13C and DEPT-135 were recorded for the light irradiated sample. The 
assignments were made by comparing all the spectra. However, which isomer (cis- or 
trans-) was the initially major component was not determined. 
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Nanocar 41. The procedure is identical to that described for 38. Nanocar precursor 40 
(127 mg, 0.100 mmol), 1-ethynyladamantane (27) (64 mg, 0.40 mmol), Pd(PPh3)4 (3.8 
mg, 0.010 mmol), CuI (3.8 mg, 0.010 mmol), HPt-Bu3BF4 (5.9 mg, 0.020 mmol) and 
NEt3 (1 mL) were used. The product 41 was obtained as a yellow solid (85 mg, 60%): 
FTIR (neat) 2902, 2850, 2224, 1488, 1450, 1318, 1252, 1100 cm
-1
; 
1
H NMR (500 MHz, 
CDCl3) δ 7.75 (d, J = 1.6 Hz, 0.38H), 7.74 (d, J = 1.6 Hz, 0.62H), 7.66–7.63 (m, 1H), 
7.62–7.58 (m, 2.38H), 7.56 (d, J = 0.5 Hz, 0.62H), 7.53 (d, J = 8.4 Hz, 1H, overlapping 
of two sets of signals, the J value was measured as it appeared), 7.50–7.45 (m, 1H), 7.46 
(d, J = 0.5 Hz, 0.62H), 7.429 (d, J = 8.5 Hz, 0.38H), 7.428 (d, J = 8.6 Hz, 0.62H), 7.345 
(d, J = 0.5 Hz, 0.38H), 7.343 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.38 H), 7.31 (dd, J1 = 1.7 Hz, 
J2 = 0.6 Hz, 0.62H), 7.29 (d, J = 0.5 Hz, 0.38H), 7.26 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 
0.38H), 7.24 (dd, J1 = 8.1 Hz, J2 = 0.4 Hz, 1H, overlapping of two sets of signals, the J 
values were measured as they appeared), 7.23 (dd, J1 = 8.0 Hz, J2 = 0.6 Hz, 0.62H), 7.17 
(dd, J1 = 8.0  Hz, J2 = 1.7 Hz, 0.62H), 7.14–7.09 (m, 1H), 7.04–6.99 (m, 1H), 6.91 (dd, J1 
= 8.0  Hz, J2 = 1.8 Hz, 0.62H), 6.90 (dd, J1 = 8.1  Hz, J2 = 1.8 Hz, 0.38H), 6.47 (dd, J1 = 
1.8 Hz, J2 = 0.4 Hz, 0.62H), 6.46 (dd, J1 = 1.7  Hz, J2 = 0.4 Hz, 0.38H), 4.18–4.10 (m, 
1H), 3.89–3.81 (m, 2H), 3.721 (dd, J1 = 11.4 Hz, J2 = 7.5 Hz, 0.38H), 3.716 (dd, J1 = 11.5 
156 
Hz, J2 = 7.5 Hz, 0.62H), 3.064 (dd, J1 = 11.5 Hz, J2 = 3.6 Hz, 0.38H), 3.061 (dd, J1 = 11.5 
Hz, J2 = 3.7 Hz, 0.62H), 2.73–2.65 (m, 2H), 2.05–1.80 (m, 36H), 1.78–1.65 (m, 24H), 
0.92 (s, 5.58H), 0.91 (s, 3.42H), 0.83 (d, J = 6.7 Hz, 3H), 0.10 (s, 3.72H), 0.09 (s, 2.28H); 
13
C NMR (125 MHz, CDCl3) δ 138.16, 138.15, 138.08, 138.02, 136.54, 136.37, 135.95, 
135.92, 135.67, 135.65, 135.16 (CH), 134.89 (CH), 134.86 (CH), 134.71 (CH), 134.70 
(CH), 134.56, 134.37, 132.75 (CH), 132.15 (CH), 131.89 (CH), 131.83 (CH), 131.80, 
131.61, 131.59, 131.50 (CH), 131.12 (CH), 130.98, 130.97, 130.74, 130.71, 130.68 (CH), 
130.67, 130.59, 130.58, 130.54 (CH), 130.50 (CH), 130.05 (CH), 130.04 (CH), 129.36 
(CH), 129.10 (CH), 127.96 (CH), 127.95 (CH), 127.90 (CH), 127.89 (CH), 127.76, 
127.74, 126.31 (CH), 126.28 (CH), 125.84 (CH), 125.77, 125.64 (CH), 125.63 (CH), 
125.56 , 125.37, 125.32, 125.30, 125.26, 125.14, 125.11, 125.03, 124.86, 124.52, 124.35 
(CH), 124.20, 123.91 (overlapping of two signals, both CH carbon), 123.22, 122.93, 
121.68, 121.53, 120.88, 120.75, 104.25, 104.17, 103.94, 103.87, 103.81, 103.58, 100.33, 
100.11, 94.48, 93.26, 92.34, 92.30, 92.06, 91.96, 89.17, 88.99, 87.99, 87.87, 80.00, 79.98, 
78.63, 78.57, 78.19, 78.04, 77.66, 77.62, 77.47, 62.07 (overlapping of two signals, both 
CH2 carbons), 42.94 (CH2), 42.88 (CH2), 42.80 (CH2), 42.79 (CH2), 42.75 (CH2), 42.742 
(CH2), 42.739 (CH2), 42.69 (CH2), 37.25 (CH2), 37.24 (CH2), 36.35 (overlapping of eight 
signals, all CH2 carbons), 32.96, 32.93, 30.48, 30.46, 30.39, 30.37, 30.32, 30.30, 30.16, 
30.15, 27.97 (overlapping of two signals, both CH carbons), 27.96 (overlapping of two 
signals, both CH carbons), 27.95 (overlapping of two signals, both CH carbons), 27.93 
(overlapping of two signals, both CH carbons), 25.913 (CH3), 25.906 (CH3), 24.06 (CH2), 
24.04 (CH2), 19.29 (CH3), 19.28 (CH3), 18.36, 18.35, −5.27 (CH3), −5.28 (CH3); MS 
(MA DI) m/z calcd for [M+Na]+ C101H102OS2SiNa 1445.7, found 1445.5. Note: The 
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starting material 40 used in this reaction existed as a mixture of two isomers with ratio to 
be 65:35. Nanocar 41 also existed as a mixture of two isomers, and the ratio was 
determined as 62:38 by comparing the integrations of the tert-butyl groups and the silyl 
methyl groups in its 1H NMR. 13C and DEPT-135 NMR spectra of the first sample were 
recorded. After obtaining the spectra, the NMR sample was irradiated with 365 nm light 
for 4 h (3 mW/cm2) and subsequently heated to 60 °C overnight in the absence of light. 
After this process, the ratio changed to 50:50. The 1H, 13C and DEPT-135 were recorded 
for the light irradiated sample. The assignments were made by comparing all the spectra. 
 
 
Nanocar 42. To an oven-dried three-neck round-bottom flask charged with nanocar 41 
(55 mg, 0.038 mmol) was added a solution of TBAF (0.06 mL, 1.0 M in THF, 0.06 
mmol) and THF (5 mL). The reaction was stirred for 1 h at room temperature. The 
mixture was poured into water (30 mL) and the precipitates were removed by filtration. 
The solids were washed thoroughly with water (30 mL), collected and dried under 
vacuum to afford the desired compound 42 as a pale yellow solid (46 mg, 90%): FTIR 
(neat) 3566, 2902, 2850, 2222, 1486, 1450, 1316, 1054 cm
-1
; 
1
H NMR (500 MHz, 
CDCl3) δ 7.76 (d, J = 1.6 Hz, 0.4H), 7.48 (d, J = 1.6 Hz, 0.6 H), 7.65 (d, J = 8.6 Hz, 1H, 
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overlapping of two sets of signals, the J value was measured as it appeared), 7.62–7.58 
(m, 3H), 7.53 (d, J = 8.5 Hz, 1H, overlapping of two sets of signals, the J value was 
measured as it appeared), 7.50–7.46 (m, 1.6H), 7.43 (d, J = 8.6 Hz, 1H, overlapping of 
two sets of signals, the J value was measured as it appeared),  7.37 (d, J = 0.4 Hz, 0.4H), 
7.35 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.4H), 7.32–7.30 (m, 1H), 7.27 (dd, J1 = 8.1 Hz, J2 = 
1.7 Hz, 0.4H), 7.244 (dd, J1 = 8.1 Hz, J2 = 0.4 Hz, 0.4H), 7.241 (dd, J1 = 8.1 Hz, J2 = 0.4 
Hz, 0.6H), 7.23 (dd, J1 = 8.0 Hz, J2 = 0.6 Hz, 0.6H), 7.18 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 
0.6H), 7.12 (ddd, J1 = 8.1 Hz, J2 = 6.9 Hz, J3 = 1.1 Hz, 1H, overlapping of two sets of 
signals, the J values were measured as they appeared), 7.02 (ddd, J1 = 8.5 Hz, J2 = 6.8 Hz, 
J3 = 1.2 Hz, 1H, overlapping of two sets of signals, the J values were measured as they 
appeared), 6.92 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 0.6 H), 6.91 (dd, J1 = 8.0 Hz, J2 = 1.8 Hz, 
0.4H), 6.49–6.46 (m, 1H), 4.19–4.11 (m, 1H), 3.87–3.78 (m, 2H), 3.726 (dd, J1 = 11.4 
Hz, J2 = 7.4 Hz, 0.4H), 3.721 (dd, J1 = 11.4 Hz, J2 = 7.4 Hz, 0.6H), 3.071 (dd, J1 = 11.4 
Hz, J2 = 3.5 Hz, 0.4H), 3.066 (dd, J1 = 11.4 Hz, J2 = 3.5 Hz, 0.6H), 2.76 (t, J = 6.1 Hz, 
1.2H), 2.73 (t, J = 6.2 Hz, 0.8H), 2.05–1.85 (m, 36H), 1.76–1.67 (m, 24H),  0.83 (d, J = 
6.8 Hz, 3H, overlapping of two signals, the J value was measured as it appeared); 13C 
NMR (125 MHz, CDCl3) δ 138.183, 138.179, 138.09, 138.02, 136.63, 136.36, 135.98, 
135.91, 135.68, 135.67, 135.18 (CH), 135.15 (CH), 135.00 (CH), 134.89 (CH), 134.86 
(CH), 134.72 (overlapping of two signals, both CH carbons), 134.65, 134.36, 131.88 
(CH), 131.86 (CH), 131.81 (CH), 131.62, 131.60, 131.510 (CH), 131.507 (CH), 131.13 
(CH), 130.98, 130.97, 130.76, 130.73, 130.693 (CH), 130.688 (CH), 130.599, 130.595, 
130.54 (CH), 130.51 (CH), 130.07 (CH), 130.06 (CH), 129.37 (overlapping of two 
signals, both CH carbons), 127.96 (CH), 127.90 (CH), 127.78 (CH), 127.75 (CH), 126.33 
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(CH), 126.29 (CH), 125.86 (CH), 125.64 (overlapping of two signals, both CH carbons), 
125.56, 125.45, 125.33, 125.25 (overlapping of two signals), 125.18, 125.13, 125.03, 
124.97, 124.82, 124.64, 124.50, 124.37 (CH), 124.36 (CH), 123.92 (overlapping of two 
signals, both CH carbons), 123.23, 122.94, 121.70, 121.47, 120.90, 120.67, 104.44, 
104.17, 104.13, 104.07, 103.87, 103.84, 100.34, 100.12, 93.66, 93.45, 92.34, 92.06, 91.87, 
91.52, 89.18, 89.90, 88.01, 87.78, 81.15, 81.10, 78.64, 78.58, 78.20, 78.05, 77.75, 77.70, 
77.56, 77.40, 60.98 (CH2), 60.96 (CH2), 42.94 (CH2), 42.88 (CH2), 42.76 (CH2), 42.75 
(CH2), 42.744 (CH2), 42.738 (CH2), 42.73, 42.69 (CH2), 37.26 (CH2), 37.25 (CH2), 36.37 
(CH2), 36.36 (overlapping of two signals, both CH2 carbons), 36.350 (overlapping of two 
signals, both CH2 carbons), 36.34 (overlapping of two signals, both CH2 carbons), 36.328 
(CH2), 33.00 (CH), 33.95 (CH), 30.483, 30.48, 30.43, 30.42, 30.323, 30.319, 30.168, 
30.155,  27.98 (CH), 27.96 (overlapping of four signals, all CH carbons), 27.95 (CH), 
27.93 (overlapping of two signals, both CH carbons), 24.18 (CH2), 24.16 (CH2), 19.30 
(CH3), 19.28 (CH3); MS (MA DI) m/z calcd for [M+Na]
+ C95H88OS2Na 1331.6, found 
1331.5. Note: The starting material 41 used in this reaction existed as a mixture of two 
isomers with ratio to be 62:38. Nanocar 42 also existed as a mixture of two isomers, and 
the ratio was determined as 60:40 by comparing the integrations of the doublets at δ 7.76 
and 7.74 and the doublets of doublets at δ 6.92 and 6.91 in its 1H NMR. 13C and DEPT-
135 NMR spectra of the first sample were recorded. After obtaining the spectra, the NMR 
sample was irradiated with 365 nm light for 2 h (3 mW/cm2) and subsequently heated to 
60 °C overnight in the absence of light. After this process, the ratio changed to 50:50. The 
1H, 13C and DEPT-135 were recorded for the light irradiated sample. The assignments 
were made by comparing all the spectra. 
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Cy5-tagged nanocar 43. The procedure is identical to that described for 20. Nanocar 42 
(20.0 mg, 0.0150 mmol), cy5 dye 22 (9.3 mg, 0.018 mmol), N,N'-
dicyclohexylcarbodiimide (3.7 mg, 0.018), 4-dimethylaminopyridine (2.2 mg, 0.018 
mmol), and CH2Cl2 (1.8 mL) were used in the reaction. The cy5-tagged nanocar 43 was 
obtained as a blue solid (25.0 mg, 92%): FTIR (neat): 2902, 2850, 2220, 1734, 1482, 
1450, 1370, 1334, 1218, 1144, 1092, 1040, 1016 cm
-1
; 
1
H NMR (500 MHz, CDCl3) δ 
8.09–8.00 (m, 2H), 7.79 (d, J = 1.6 Hz, 0.42H), 7.77 (d, J = 1.7 Hz, 0.58H), 7.71–7.61 
(m, 2.58H), 7.59–7.54 (m, 2.16H), 7.54 (d, J = 0.5 Hz, 0.58H), 7.53 (dd, J1 = 8.1 Hz, J2 = 
1.7 Hz, 0.42H), 7.49 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 0.58H), 7.47–7.43 (m, 1.58H), 7.43–
7.37 (m, 3.42H), 7.35 (dd, J1 = 8.1 Hz, J2 = 0.6 Hz, 0.42H), 7.33 (d, J = 0.5 Hz, 0.42H), 
7.31 (d, J = 0.4 Hz, 0.58H), 7.30–7.23 (m, 4.42H), 7.19 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 
0.58H), 7.18–7.07 (m, 3.26H), 7.05 (ddd, J1 = 8.5 Hz, J2  = 6.8 Hz, J3 = 1.3 Hz, 1H, 
overlapping of two sets of signals, the J values were measured as they appeared), 6.95 
(dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 0.58H),  6.91 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 0.42H), 6.72–
6.63 (m, 1H), 6.53–6.49 (m, 1H), 6.25–6.16 (m, 2H), 4.29 (t, J = 6.8 Hz, 1.16H), 4.26 (t, 
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J = 6.8 Hz, 0.84H), 4.20–4.13 (m, 1H), 4.03–3.95 (m, 2H), 3.76–3.70 (m, 1H), 3.62 (s, 
1.74H), 3.50 (s, 1.26H), 3.09 (dd, J1 = 11.5 Hz, J2 = 3.6 Hz, 0.42H), 3.07 (dd, J1 = 11.5 
Hz, J2 = 3.6 Hz, 0.58H), 2.84 (t, J = 6.8 Hz, 1.16H), 2.81 (t, J = 6.8 Hz, 0.84H), 2.41 (t, J 
= 7.3 Hz, 1.16H), 2.39 (t, J = 7.3 Hz, 0.84H), 2.05–1.80 (m, 36H), 1.80–1.66 (m, 38H), 
1.56–1.48 (m, 2H), 0.811 (d, J = 6.8 Hz, 1.74H),  0.809 (d, J = 6.8 Hz, 1.26H); 13C NMR 
(125 MHz, CDCl3) δ 174.16, 174.13, 173.56, 173.54, 173.30, 173.28, 154.32, 154.30, 
154.27, 154.22, 143.13, 143.12, 142.42, 142.37, 141.71, 141.68, 141.45, 141.43, 138.723, 
138.716, 138.66, 137.30, 136.99, 136.43, 136.36 (overlapping of two signals), 135.64, 
135.47, 135.29, 135.25, 135.24, 145.13, 135.04, 134.95, 132.23, 132.15, 132.14, 132.03, 
132.00, 131.99, 131.51, 131.35, 131.33, 131.16, 131.12, 131.03, 130.98, 130.97,  130.48, 
130.42, 129.69, 129.67, 128.975, 128.973, 128.970, 128.966, 128.26, 128.23, 128.21, 
128.15, 128.12, 127.00, 126.95, 126.39, 126.38, 126.03 (overlapping of two signals), 
125.87, 125.84, 125.75, 125.72, 125.67, 125.64, 125.62, 125.61, 125.60, 125.59, 125.58, 
125.46, 125.42, 125.31, 124.95, 124.89, 124.834, 124.828, 124.37, 124.35, 123.76, 
123.53, 122.72, 122.71, 122.585, 122.582, 121.99, 121.72, 120.96, 120.69, 110.94, 
110.93, 110.89, 110.88, 105.10, 104.87, 104.81, 104.77, 104.62, 104.57, 103.88 (CH), 
103.83 (CH), 103.65 (CH), 103.64 (CH), 100.98, 100.83, 94.15, 93.82, 92.77, 92.38, 
92.07, 91.86, 89.36, 89.04, 88.29, 88.02, 82.27, 80.26, 78.72 (overlapping of two signals), 
78.41, 78.22, 77.78, 77.77, 77.75, 77.59, 62.59 (CH2), 49.84 (overlapping of two signals), 
49.76, 49.75, 43.33 (CH2), 43.28 (CH2), 43.18 (overlapping of two signals, both CH2 
carbons), 43.14 (CH2), 43.11 (overlapping of two signals, both CH2 carbons), 43.09 
(CH2), 37.583 (CH2), 37.575 (CH2), 37.703 (overlapping of two signals, both CH2 
carbons), 36.697 (CH2), 36.69 (CH2), 36.682 (overlapping of two signals, both CH2 
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carbons), 36.675 (CH2), 36.66 (CH2), 34.194 (CH2), 34.190 (CH2), 33.42 (CH), 33.34 
(CH), 30.92, 30.91, 30.84, 30.82, 30.764, 30.759, 30.60, 30.58, 28.53 (CH), 28.52 (CH), 
28.511 (CH), 28.510 (CH), 28.50 (overlapping of two signals, both CH carbons), 28.47 
(CH), 28.45 (CH), 28.163 (CH3), 28.156 (CH3), 28.02 (overlapping of two signals, both 
CH3 carbons), 27.47 (CH2), 27.45 (CH2), 26.76 (CH2), 26.73 (CH2), 24.95 (CH2), 24.93 
(CH2), 20.56 (CH2), 20.53 (CH2), 19.36 (CH3), 19.32 (CH3); HRMS (ESI) m/z calcd for 
[M–Cl]+ C127H125O2S2 1773.9177, found 1773.9197. Note: The starting material 42 used 
in this reaction existed as a mixture of two isomers with ratio to be 60:40. Cy5-tagged 
model nanocar 43 also existed as a mixture of two isomers, and the ratio was determined 
as 58:42 by comparing the integrations of the doublets at δ 7.79 and 7.77 and the doublets 
of doublets at δ 6.95 and 6.91 in its 1H NMR. 13C and DEPT-135 NMR spectra of the 
first sample were recorded. After obtaining the spectra, the NMR sample was irradiated 
with 365 nm light for 2 h (3 mW/cm2) and subsequently heated to 60 °C overnight in the 
absence of light. After this process, the ratio changed to 50:50. The 1H, 13C and DEPT-
135 were recorded for the light irradiated sample. The assignments were made by 
comparing all the spectra. However, 8 carbon signals in the aromatic region cannot be 
identified or assigned due to severely overlapping of signals. 
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CHAPTER 4 
 
Chapter 4. Design, Synthesis, and Diffusion Study of 
Light-Activated Single-Molecule Nanosubmarines 
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4.1. Introduction 
 The studies of biological motor proteins
1-5
 have stimulated the designs and 
syntheses of artificial molecular machines,
6,7
 such as switches,
8,9
 muscles,
10-12
 and rotary 
motors.
13,14
 These nanomachines respond to various external stimuli and perform a 
variety of functions at nanometer scale. Although the results are rich and fruitful, the area 
of artificial self-propelled micrometer-sized or nanometer-sized structures in solution was 
scarcely developed until the past decade.  
Two main challenges for designing self-propelled nanostructure concern the 
supply of fuel and the conversion of fuel input into kinetic energy. Whitesides and co-
workers overcame these problems on the millimeter scale by placing a metallic plate, 
consisting of a small area of platinum on one side, in a hydrogen peroxide aqueous 
solution to produce chemically-propelled autonomous movement. The locomotion of the 
plate was powered by the oxygen bubble burst produced during the platinum-catalyzed 
disproportionation of hydrogen peroxide (H2O2(l) → O2 + H2O(l)) in the solution.  
This concept of chemically-propelled autonomous movement was subsequently 
applied to the designs of micrometer-sized objects.
15-17
 Sen, Mallouk, Crespi, and co-
workers created a platinum and gold (Pt/Au) segmented nanorod (~2 μm in size) that 
exhibited linear autonomous movement in a H2O2 aqueous solution.
18
  
van Hest and co-workers also demonstrated a platinum-loaded polymeric 
stomatocytes (~0.2 μm in size) that achieved autonomous movement in H2O2 solution. 
These stomatocytes are bowl-shaped structure loaded with platinum nanoparticle (PtNP). 
The gases generated at the PtNP moved through the bowl opening and provided the thrust 
for autonomous movement.
19
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Ring-opening metathesis polymerization (ROMP) was also utilized for propelling 
autonomous movement for micrometer-sized object. Sen and co-workers prepared a gold-
silica Janus particle (~0.5 μm in size) functionalized with a ROMP-catalyst. Upon 
addition of norbornene, the diffusion constant of the particles increased up to 70% due to 
the polymerization process.
20
 
 Despite these achievements of chemically propelled micrometer-sized object, the 
potential to promote solution-phased self-propulsion at the nanometer scale still faces 
major challenges,
 16,17
 namely tracking of object, designing of molecule, and mitigating 
the dominance of Brownian motion. In this chapter, we described designs and syntheses 
of signle-molecule nanosubmarines to address these challenges for self-propulsion at 
nanometer-scale. 
 
4.2. Diffusion Studies of Single Molecules by Fluorescence Quenching  
 While micrometer-scale objects can be tracked directly in solution by an optical 
microscope, similar nanometer-scale single-molecule tracking techniques are not readily 
available.
21
 In order to study the diffusion behavior of single molecules in solution, we 
used a fluorescence quenching approach to obtain the diffusion information desired. The 
fluorescence of tris(2,2’-bipyridine)ruthenium(II)+2 (1, Ru(bpy)3
+2
) and the fluorescence 
quenching by methyl viologen
+2
 (2, MV
+2
) have been extensively investigated.
22
 The 
fluorescence of Ru(bpy)3
+2
 (Figure 4.1.) originates from absorbing 450 nm light 
(maximum absorption), and a metal to ligand charge transfer (MLCT) occurs between the 
Ru
+2
 atom and bipyridine ligands. The higher energy singlet state intermediate (
1
MLCT) 
undergoes an intersystem crossing and forms a triplet state (
3
MLCT) intermediate. The 
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Ru(bpy)3
+2
 triplet state intermediate relaxes back to the singlet ground state and generates 
fluorescence with much longer lifetime (610 nm, lifetime  ~1 s, quantum yield 0.07) 
compared to organic fluorophores (usually ranging from 1 to 10 ns). If the 
3
MLCT 
intermediate of Ru(bpy)3
+2
 collides with MV
+2
, the 
3
MLCT intermediate can relax to the 
ground state without emitting fluorescence. 
 
 
Figure 4.1. Structure of the tris(2,2’-bipyridine)ruthenium(II) (1, Ru(bpy)3
+2
) fluorophore, 
methyl vologen
+2 
(2, MV
+2
), and the Jablonski diagram
23
 for the fluorescence of 
Ru(bpy)3
+2
 and collision quenching by MV
+2
.  
 
 The collision quenching is described by the Stern-Volmer equation:
24
 
   
 
 
 
 
  
            (1). 
 A plot of the reciprocal fluorescence lifetime (𝜏) as a function of the concentration 
of quencher [Q] results in a straight line, and the slope is the bimolecular-quenching rate 
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constant (kq). Then, using this rate constant, the diffusion coefficients of the molecules 
can be calculated by the Smoluchowski equation:
25,26
 
   
  
 
    
     
    
(     )(     )   (2)  
where, p is the probability of quenching occurring upon each collision, Rl, Dl and RQ, DQ 
are the collision radii and diffusion coefficients of the fluorophore and the quencher, 
respectively, and Nav is Avogadro’s number. Finally, the root mean square displacement 
in a defined time interval (t) can be derived by the Einstein-Smoluchowski equation:
27
  
         〈  
          〉  ⁄  √      (3) 
where      is the square root of the squared mean displacement.  
 
4.3. Design and Synthesis of the Methyl Viologen-Armed Nanosubmarine  
 A challenge to constructing an efficient self-propelled molecule is to overcome 
the dominant forces in its surroundings.
28
 Inside a cell, for example, the viscous forces 
are ~1 pN. Translational biological motor proteins can generate a force ~10 pN per step 
by utilizing the energy from adenosine triphosphate (ATP) hydrolysis.
29
 Therefore, they 
can be propelled.  
 We planned to use a synthetic light-driven rotary molecular motor that is capable 
of rotating like a propeller at 3 MHz.
14
 With providing a significant amount of energy 
provided by photon excitement, a force generated by motor rotation might be able to 
overcome the viscous forces. The motors operate in a unidirectional rotational process 
that is most easily understood in this manner: there are two pre-existing elements of 
stereogenicity in the motor, the stereogenic center alpha to the methyl group and the 
twisted (atropisomeric) double bond. Once the motor is excited photochemically wherein 
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the alkene assumes an orthogonal conformation in its excited state, the two possible 
transition state routes to relaxation are diastereotopic. The motor keeps progressing over 
diastereotopic pathway of lower energy, leading to unidirectional rotation.  
 To study the diffusion behavior, we opted to use fluorescence quenching of 
Ru(bpy)3
+2 
by MV
+2
. We proposed a structure of nanosubmarine 3 (Figure 4.2.) that was 
designed based on the light-driven MHz-rate unidirectional rotary motor with two methyl 
viologen motifs as fluorescence quenching arms. The rotary motor in 3 should exhibit a 
rotational frequency similar to its parent motor of 3 MHz, and the quenching properties 
of 3 should also be similar to those of MV
+2
. The photochemically driven rotary motor in 
3 rotates by irradiation of UV-light, and the motor rotation might propel the entire 
molecule and generate some measurable increase in the diffusion coefficient compared to 
the diffusion coefficient without irradiation of UV-light. Furthermore, the fluorescence 
lifetime of Ru(bpy)3
+2
 is long (~1 s), which increases the probability of the occurrence 
of collision quenching and allows the system to reach thermal equilibrium.
30
 
 
 
Figure 4.2. Structure of a light-driven methyl viologen-armed nanosubmarine 3.  
 
 The collision quenching can also be described by simple collision theory, in 
which the kq is expressed as:
31
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where, p is the probability of effective collision, bmax = Rl + RQ, vr is the relative speed 
between the fluorophore and quencher,  is the energy barrier of the reaction, k is the 
Boltzmann constant, and T is the temperature. Note that in eq 5, the rate constant is 
proportional to the relative speed between the fluorophore and the quencher. The speed of 
Ru(bpy)3
+2
 remains constant with or without motor excitation. If an increase in kq is 
observed, we can attribute the more rapid quenching to the higher speed of the 
nanosubmarine. Therefore, comparing the two kq that are obtained with and without UV-
light, a conclusion as to whether the nanosubmarine molecule accelerates under 
photoexcitation in solution will be reached.  
 According to simple collision theory, the kq is proportional to the relative speed of 
the nanosubmarine and the Ru(bpy)3
+2
. Two kq would be obtained: with, and without, 
UV-light that triggers the motor rotation. If a larger kq is observed with UV-light 
irradiation, we can attribute the increase in the coefficient to the increase of speed of the 
nanosubmarine that resulted from motor rotation.  
 
4.4. Synthesis of the Methyl Viologen-Tagged Nanosubmarine 
 The synthesis of the nanosubmarine 3 was based on the 2,7-dibromomotor 4 
(Scheme 4.1).
32
 A Sonogashira coupling using modified Fu’s condition32,33 between 4 
and 4-(tert-butyldimethylsilyoxy)-but-1-yne was completed in moderate yield. Removal 
of the tert-butyldimethylsilyoxy (TBS) protecting group by a tetrabutylammonium 
fluoride (TBAF) solution in THF led to dialcohol 6. Functional group interconversion of 
dialcohol 6 gave ditosylate 7. Ditosylate 7 was alkylated with 4,4’-bipyridyl and the 
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nanosubmarine precursor 8 was produced. Finally, methylation of 8 with methyl tosylate 
yielded nanosubmarine 3. The nanosubmarine was stable as a hexafluorophosphate (PF6) 
salt, and was soluble in CH3CN. Although 3 is tetracationic, it is not soluble in water 
when the anion is PF6. To produce a water soluble version of nanosubmarine 3, attempts 
to exchange the anion with chloride produced only decomposition. 
 
 
Scheme 4.1. Synthesis of the methyl viologen-armed nanosubmarine 
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 A control molecule equipped with a slow-rotating motor was also synthesized in a 
protocol similar to 3. Motor 9
34
 was coupled with 4-(tert-butyldimethylsilyoxy)-but-1-
yne to give 10. The corresponding deprotected compound 11 was obtained by treating 10 
with a TBAF solution in THF. Tosylate 12 was obtained in excellent yield. A substitution 
reaction with 4,4’-bipyridyl yielded control molecule precursor 13. Final methylation and 
anion exchange led to the slow-motor control molecule 14. 
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Scheme 4.2. Synthesis of the methyl viologen-armed slow-motor control molecule 
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4.5. Diffusion Studies in Solution of the Methyl Viologen-Armed Nanosubmarine by 
Time-Resolved Fluorescence Spectroscopy 
 The Ru(bpy)3
+2
 fluorescence quenching experiments by the nanosubmarine 3 
were carried out under two conditions (Figure 4.3.). In the presence of electrolyte (0.1 M 
tetrabutylammonium hexafluorophosphate (TABPF6)), the fluorescence lifetimes were 
recorded by using 444 nm or 371 nm laser sources. Both sets of data were consistent with 
the eq 2, and kq,444nm and kq,371nm were obtained, respectively. The values of kq were of the 
same order of magnitude when using MV
+2
 as the quencher.
22
 However, the value of 
kq,371nm was not larger than kq,444nm, indicating that no acceleration of 3 was observed. 
Another set of fluorescence quenching experiments was done without the electrolyte. The 
data points were not consistent with the Stern-Volmer eq (1) because of the changes in 
ionic strengths at different concentration of 3. Thus, the lifetime data points obtained 
from different lasers did not show significant difference for any given concentration. The 
result can be attributed to the fact that Brownian motion is dominating the molecular 
diffusion and not the motor rotation.  
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Figure 4.3. Fluorescence quenching of Ru(bpy)3
+2
 1 by nanosubmarine 3 at 444 nm (red 
dashed line) and 371 nm (blue solid line) lasers excitation (298 K; laser pulse repetitive 
time: 5 μs). in (a) CH3CN with 0.1 M TBAPF6 as electrolyte for maintaining ionic 
strength. The fluorescence lifetime data points acquired by 444 nm laser and 371 nm 
laser were consistent with the Stern-Volmer eq (1), and kq,444nm and kq,371nm were obtained, 
respectively. However, the value of kq,371nm was not higher than kq,444nm, which indicated 
no acceleration of 3. (b) CH3CN without electrolyte. The data points were not consistent 
with eq (1) because of the changes in ionic strength. The lifetime data points (444 nm 
laser: blue shields; 371 nm laser: red square) obtained from different lasers did not show 
significant differences at a given concentration. 
 
4.6. Design of the Cy5-Armed Nanosubmarine 
Another method to study diffusion is fluorescent correlation spectroscopy (FCS). 
FCS records the fluorescence fluctuations from a single light-emitting source in a small 
open volume and transforms the time traces into autocorrelation curves via a correlation 
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analysis. The intensity of the autocorrelation as a function of lagtime (τ) can be expressed 
in terms of experimental parameters as: 
 ( )  
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where Veff  is volume, r0 is beam waist, z0 is beam height,  D is characteristic diffusion 
time, and <C> is analyte concentration. The experimental characteristic diffusion time 
can thus be obtained by fitting the autocorrelation curves with eq (5). Finally, the three-
dimensional diffusion coefficient (D) can be calculated using the following equation:  
𝜏  
  
 
  
       (6). 
 In chapter 3, a cy5-tagged motorized nanocar was designed and synthesized. A 
control molecule was synthesized, and the photoisomerization efficiency of the motor 
was studied. The result showed that the cy5 dye interfered minimally with the motor 
photoisomerization. Hence, we designed a cy5-armed nanosubmarine 15 that was 
incorporated with the MHz-rotary motor. In 15, the fast motor was attached to two cy5 
dyes. A control molecule 16, equipped with a slow motor core, was also designed. The 
slow motor would allow the confirmation of photoisomerization efficiency of the cy5-
armed nanosubmarines by NMR spectroscopy.
34
 The slow rotation of the motor in 16 (~2 
rotations per hour at 60 °C)
34,35
 should not result in acceleration of molecule. 
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Figure 4.4. (a) Structure of the light-driven cy5-armed nanosubmarine 15 that bears two 
cy5 dyes, one on each side of the fast-turning motor. A double azide-alkyne Hüisgen 
cycloaddition was planned to connect the fast MHz motor and the cy5 dyes. (b) Structure 
of control molecule 16. The control molecule would allow the study the 
photoisomerization efficiency of the motor since the motor only turns at ~2 rotations per 
hour at 60 °C. It could also serve as a control molecule because the slow rotating motor 
should not contribute to accelerating the molecule. 
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4.7. Synthesis of the Cy5-Armed Nanosubmarine 
 A cy5 dye 17 with a carboxylic functional group was prepared according to a 
literature procedure.
36
 A N,N’-dicyclohexylcarbodiimide promoted amidation between 
cy5 dye 17 and propargyl amine was carried out to give 18. Subsequently, cy5 dye 18 
with an alkyne ready for click chemistry was obtained in good yield. The skeleton of the 
cy5-armed nanosubmarine 15 was made as a substitution reaction converted ditosylate 6 
into diazide 19. The cy5-armed nanosubmarine 15 was obtained by a high yielding 
double azide-alkyne Hüisgen cycloaddition using CH2Cl2 and water as co-solvents.
37
 
Ditosylate 12 was converted into a diazide 20, and the control cy5-armed molecule 16 
was synthesized by a double azide-alkyne Huisgen cycloaddition. 
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Scheme 4.3. Synthesis of the cy5-armed nanosubmarine and control molecule 
 
 
4.8. Diffusion Studies of the Cy5-Armed Nanosubmarine by FCS 
 The diffusion behavior of the cy5-armed nanosubmarine 15 was studied by FCS 
(Figure 4.5.) in a CH3CN solution. A 638 nm laser source was used, and the correlation 
studies utilized the fluorescence from the cy5 dye. One correlation curve was obtained 
without irradiating UV light that triggers the motor rotation (Figure 4.5.a). Another 
correlation curve was obtained with irradiating UV light from a 371 nm picosecond diode 
laser that excites the motor rotation. Unfortunately, the diffusion coefficient (Figure 4.5.b) 
obtained in both cases did not show any significant difference.  
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Figure 4.5. FCS studies of cy5-armed nanosubmarine 15 (CH3CN, 295 K, 10
-8
 M). a) 
The autocorrelation curves of 15 without irradiation of 371 nm laser (red circles) and 
with irradiation of 371 nm laser (5 μs pulse period, black triangles). b) The distribution of 
the diffusion coefficients without irradiation of 371 nm laser (D = 2.1 (± 0.8) × 10
-10
 m
2
/s, 
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red triangle) and with irradiation of 371 nm laser (D = 1.8 (± 0.4) × 10
-10
 m
2
/s, blue 
column). No significant difference between the diffusion coefficients was found. 
 
4.9. Minimizing the Effects of Brownian Motion by Confining Nanosubmarines in 1-
D Channels 
 An increase in quenching rate was not found with the test between Ru(bpy)3
+2
 1 
and nanosubmarine 3 in an CH3CN solution. A FCS study of a fluorescent cy5-armed 
nanosubmarine 15 also did not show an increase in diffusion coefficient. These results are 
attributed to the dominant Brownian motion, a constant displacement and random 
reorientation in solution. In nature, molecular motor proteins, such as myosin and kinesin, 
rely on binding to “tracks” to perform work.3, 38 Myosin and kinesin, for example, utilize 
the energy released from ATP hydrolysis to break the equilibrium of the environment and 
generate translational motion. The track prevents displacement perpendicular to the track 
and constrains reorientation of the motor proteins. Therefore, if the molecules could be 
loaded in a 1-D channel-like environment, the diffusion behaviors are expected to be 
different.
39-42
  
 One approach to crerating a 1-D channel-like environment was to co-encapsulate 
nanosubmarines 3, or 15 and Ru(bpy)3
+2
 in mesoporous materials, such as MCM-41
43,44
 
or SBA-15, and measure the fluorescence quenching of Ru(bpy)3
+2
. It has been 
demonstrated that the fluorescence of a ruthenium complex similar to Ru(bpy)3
+2
 can be 
efficiently quenched by cy5.
45
 The decay law that governs the 1-D quenching process 
within the channels should provide direct information on the average diffusion coefficient 
of Ru(bpy)3
+2
 and nanosubmarines with respect to one another. The equations for the 
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diffusion-influenced fluorescence quenching in 1-D have been described by Szabo
46
 and 
more recently by Medhage and Almgren:
47
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where I(t) is the time-dependent fluorescence intensity, k0 is the natural fluorescence rate 
constant, cq is the quencher concentration, a is the radius of the cylindrical reaction zone 
where the quenching occurs (that can be roughly estimated by the sum of the radii of 
Ru(bpy)3
+2
 and nanosubmarines), q = a
2
/D, D is the sum of the diffusion coefficients of 
Ru(bpy)3
+2
 and nanosubmarines, and h is a parameter that weights reaction against 
diffusion. The two unknown variables are D and h, which requires the fitting of the time-
decay data to this expression using non-linear least square methods, and the 
determination of the diffusion coefficient is straight forward. Simpler expressions can be 
obtained by making assumptions concerning the magnitude of the diffusion coefficient; 
however this is not fundamentally necessary. The system containing the Ru(bpy)3
+2
 and 
nanosubmarines would be excited using a 444 nm picosecond diode laser that will only 
excite Ru(bpy)3
+2
, and a 371 nm picosecond diode laser that will excite both Ru(bpy)3
+2
 
and nanosubmarines. We anticipate obtaining a larger diffusion coefficient when the 
system is excited with 371 nm light (that will activate the rotation of the motor) than with 
444 nm light (that will only excite Ru(bpy)3
+2
). Experimental conditions such as the 
concentrations of the species, the effects of different solvents, the amount of residual 
solvent within the channels, and the pore size of the mesoporous material will be varied. 
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 Although several studies have been published to determine the diffusion 
coefficient of molecules by time-resolved fluorescence methods in 2-D and 3-D, studies 
in 1-D are scarce.
26,48-51
 Nevertheless, work by Almgren’s group has demonstrated the 
applicability of these equations to study the 1-D diffusion of pyrene in rod-like 
micelles.
52
 The successful of the studies outlined here would increase the currently 
limited studies on 1-D diffusion using time-resolved fluorescence spectroscopy. The use 
of fluorescence lifetime measurements and mathematical analyses will be used to 
calculate the average diffusion coefficient of nanosubmarines within the channels of 
mesoporous materials such as MCM-41 and SBA-15. 
 
 
Figure 4.6. Schematic representation of a nanosubmarine in solution (left) and in a 1-D 
confinement environment (right). In solution, the nanosubmarine undergoes rapid 
reorientation and random displacement from Brownian motion. To create a track-like 
environment, the nanosubmarine will be co-encapsulated into mesoporous materials 
consisting of channels with diameters in the nanometer range. This 1-D confinement 
approach should prevent displacement perpendicular to the channel, constrain the 
reorientation of the molecules, and allow the nanosubmarine to move directionally inside 
the channels. 
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4.10. Preliminary Diffusion Studies of the Cy5-Armed Nanosubmarine in 1-D 
Channels 
 Initial experiments included co-encapsulation of Ru(bpy)3Cl2 and 15 in MCM-41 
with a 3 nm pore size, which is close to the dimensions of the Ru(bpy)3Cl2 and 15. 
Fluorescence quenching experiments of the co-encapsulated Ru(bpy)3Cl2 and 15 were 
done with irradiation of 444 nm laser and 371 nm laser. However, the lifetime obtained 
by different wavelength light sources did not show significant differences. 
 Another mesoporous material MSU-H, with a larger porous size of 7 nm was used 
for co-encapsulating Ru(bpy)3(PF6)2 and/or 15. Interestingly, when CH2Cl2 was used as 
the encapsulating solvent, both Ru(bpy)3(PF6)2 and 15 were loaded inside the channel, 
but in contrast, when CH3CN was used as the solvent, both Ru(bpy)3(PF6)2 and 15 came 
out of the channel.  
 The fluorescence lifetime of Ru(bpy)3(PF6)2 co-encapsulating with 15 in MSU-H 
mesoporous material were measured (Figure 4.7.). The fluorescent decay curve can be 
fitted biexponentially, and two lifetime components 1 and 2 were obtained. Compared 
to the 1 and 2 obtained by 444 nm and 371 nm lasers, significant decrease of lifetimes 
were observed in both when 371 nm light was used. As a control experiment, we studied 
the fluorescence quenching of Ru(bpy)3(PF6)2 by the co-encapsulated control molecule 
16 in MSU-H mesoporous material. Similarly, lasers of two different wavelengths were 
used in the quenching experiment, and no significant difference in lifetime was observed. 
This indicated that the nanosubmarine in the 1-D channel environment showed 
acceleration presumably because irradiation at 371 nm light triggers the rotation of the 
motor.  
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Figure 4.7. Biexponential fluorescent lifetime (1 and 2) of Ru(bpy)3
+2
 co-encapsulating 
with nanosubmarine 15 (1:1), or control molecule 16 (1:1) in MSU-H with CH2Cl2 as 
solvent. Two sets of 1 and 2 were obtained with excitation wavelengths at 444 nm and 
371 nm. a) Comparing 1 and 2 obtained by 444 nm and 371 nm excitation wavelengths, 
shorter 1 and 2 were obtained at 371 nm. b) Comparing 1 and 2 obtained by 444 nm 
and 371 nm excitation wavelengths, no significant difference in 1 and 2 were found. 
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4.11. Conclusion and Future Work 
 In this chapter, methyl viologen-armed nanosubmarine 3 and cy5-armed 
nanosubmarine 15 were designed and synthesized. In order to study the diffusion 
behavior, a series of fluorescence quenching experiments of Ru(bpy)3
+2
 by 
nanosubmarine 3 were carried out. Unfortunately, the fluorescence lifetimes of 
Ru(bpy)3
+2
 measured by using 444 mn and 371 nm laser excitations did not show 
significant difference, which means the motor rotation did not resulted in acceleration of 
the molecule. We also tried FCS to measure the diffusion coefficients of cy5-armed 
nanosubmarine 15. However, the diffusion coefficients obtained with or without 371 nm 
laser irradiation did not show significant difference. These results were probably due to 
the very dominant Brownian motion in solution. 
 In nature, a track strategy is used for transporting molecules inside a cell. 
Mimicking nature’s track approach, we encapsulated the nanosubmarine inside 
mesoporous materials to create a 1-D channel environment. This would decrease the 
effects of Brownian motion because the 1-D channel should restrict the molecules from 
rapid reorientation and the constant displacements perpendicular to the channel. 
Preliminary testing by fluorescence quenching of Ru(bpy)3
+2
 by 15 in MSU-H 
mesoporous material showed that the fluorescence lifetime decreases when irradiated 
with 371 nm laser. In contrast, the control molecule 16 showed no decrease of lifetime. 
The shortened lifetime is attributed to the acceleration of nanosubmarine 15 generated by 
motor rotation.  
 Future work will include in-depth studies of how different concentrations of 
molecules, solvents, and channel size affect the fluorescence lifetimes. We hope this 
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work can provide insights into the design of light-driven nanovehicles for performing 
autonomous movement. 
 
4.12. Contribution 
I conceived the designs of all nanosubmarine molecules and the 1-D channel 
approach. I synthesized all the nanosubmarine molecules and conducted the quenching 
experiments in solution. Victor Garcia repeated the synthesis and did all the fluorescence 
quenching experiments in 1-D mesoporous materials. Professor Angel Martí extracted 
information for the mathematical analyses. Lin-Yung Wang in the laboratory of Stephan 
Link at Rice University did the FCS experiments. E. Loïc Samuel made Figure 4.6. 
 
4.13. Experimental Section 
4.13.1. Fluorescent Monitoring 
Fluorescence quenching experiment in solution. The fluorescence quenching 
experiments were conducted on an Edinburg instrument single photon counter (OB-920). 
All experiments were halted manually to ensure consistent initial photo count (~1000). 
HPLC grade CH3CN was dried over CaH2 and distilled. The freshly distilled CH3CN was 
degassed by a stream of argon for 2 h in a round-bottom flask equipped with a stir bar. 
Ru(bpy)3
+2
 1 and nanosubmarine 3 were weighed under ambient conditions. The CH3CN, 
1, and 3 were introduced into a glovebox in which the oxygen level was lower than 2 
ppm. The fluorescence lifetime experiments were obtained by an Edinburgh Instruments 
single-photon counter (Edinburgh Instrument OB-920) with detection wavelength at 600 
nm. Two picosecond pulse diode lasers at 371 nm (Edinburgh Instrument ELP-375) and 
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444 nm (Edinburgh Instrument ELP-445) were used as the light source. The pulse 
repetition time was 5 μs. 
 
With electrolyte 
(0.1 M TBAPF6 in CH3CN)             Without electrolyte (CH3CN) 
 
444 nm 371 nm 
  
444 nm 371 nm 
[3] (M
-1
) 1/τ (ns-1) 1/τ (ns-1)   [3] (M
-1
) 1/τ (ns-1) 1/τ (ns-1) 
0 0.001139 0.001182   0 0.001164 0.001166 
0.00005 0.001299 0.001337   0.00005 0.001264 0.001244 
0.0001 0.001433 0.001468   0.0001 0.001445 0.001435 
0.00015 0.001603 0.001618   0.00015 0.001675 0.001672 
0.0002 0.001721 0.001675   0.0002 0.002008 0.001996 
 
Table 4.1. Fluorescence quenching data of Ru(bpy)3
+2
 by 3 in CH3CN with and without 
the presence of electrolyte. 
 
Optical Setup for FCS. FCS was performed using a home-built inverted confocal 
microscope (Observer.D1, Zeiss). The light from a 638 nm laser was collimated and 
expanded to overﬁll the back aperture of a microscope objective (Fluar, Zeiss: 100×, NA 
= 1.3). The beam was circularly polarized using a λ/4 waveplate (Newport). The laser 
power was attenuated to ~150 nW using neutral density ﬁlters (Thorlabs). This power 
gave a signal to background ratio of ~10, yet ensured negligible heating of the sample. 
The focal plane of the objective was set to approximately ~6 μm inside the solution to 
avoid excessive scattered light from the glass−water interface. Polystyrene fluorospheres 
(100 nm in diameter, Molecular Probes) were used for alignment and calibration of the 
focal volume. The fluorescence was collected in the backward direction and redirected to 
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a 50 μm pinhole (Thorlabs) before focusing onto an avalanche photodetector (SPCM-
AQRH, Perkin-Elmer). 
 
Fluorescence quenching in MCM-41. Ru(bpy)3Cl2∙6H2O was obtained from Sigma-
Aldrich. The mesoporous material MCM-41 was first vacuum dried at 300 °C for 15 h 
and cooled to rt. A solution contained Ru(bpy)3Cl2 (1.56 mM) and/or cy5-armed 
nanosubmarine 15 (1.56 mM) in CH3CN was mixed with the dried MCM-41 channel, 
and Ru(bpy)3Cl2 and 15 were successfully loaded into the mesoporous material. 1.5 mL 
of stock solution was added to the dried MCM-41, and the mixture was shaken for 18 h at 
500 Hz. After shaking, the samples were centrifuged for 10 min and the supernatants 
were collected separately. The residues were washed with CH3CN (3 mL) and 
centrifuged for 10 min. The washing procedure was repeated twice, and the organic 
phases were combined. The solution was analyzed by UV-Vis spectroscopy (Shimatzu 
UV-2450) and the amount of Ru(bpy)3Cl2 and nanosumbarine loaded in the MCM-41 
was calculated by subtracting the amount in the supernatant fraction from amount in the 
original solution. The collected solid was dried under vacuum and the dried sample added 
CH3CN to make a suspension at 0.04% w/V. The suspension was purged with Argon for 
10 min. 
 
Fluorescence quenching in MSU-H. Ru(bpy)3(PF6)2 was prepared by an anion 
exchange from Ru(bpy)3Cl2∙6H2O using NH4PF6, CH3CN and water. CH2Cl2 was freshly 
distilled over CaH2 before use. MSU-H was obtained from Sigma-Aldrich. The sample 
preparation process was identical to the MCM-41 samples. 
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 371 nm ns STD Rel. % 444 nm ns STD Rel. % 
15 

1 80.2 14.7 2.27 1 51.1 8.9 1.88 

2 502 3.9 97.73 2 478.4 2.9 98.12 
16 

1 88.3 4.2 8.14 1 94.6 4 9.9 

2 555.8 4.9 91.86 2 549.3 4.7 90.1 
 
Table 4.2. Fluorescence lifetime of Ru(bpy)
+2
 co-encapsulating with nanosubmarine 15 
(1:1) or control molecule 16 (1:1) in MSU-H.  
 
 
Figure 4.7. Picture of the supernatant after encapsulating Ru(bpy)3(PF6)2 and/or 
nanosubmarine 15 into mesoporous silica MSU-H (7 nm porous size) using different 
solvents: a) Ru(bpy)3(PF6)2 in CH2Cl2; b) Ru(bpy)3(PF6)2 in CH3CN; c) nanosubmarine 15 
in CH2Cl2; d) nanosubmarine 15 in CH3CN; e) mixture of Ru(bpy)3
+2
 and nanosubmarine 
15 in CH2Cl2; f) mixture of Ru(bpy)3(PF6)2 and nanosubmarine 15 in CH3CN. 
Interestingly, when CH2Cl2 was used as the encapsulating solvent, both Ru(bpy)3
+2
 1 and 
nanosubmarine 15 could be loaded into the MSU-H channels, which is at much larger 
than the molecule dimensions. However, the use of CH3CN did not lead to inclusion of 1 
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and 15. The role of solvent and the molecule interactions with the channel will be further 
investigated in the future. 
 
4.13.2. Experimental Data for Compounds 3, 5, 6, 7, 8, 10, 11, 12, 13, 14, 15, 
16, 18, 19, and 20. 
General Methods. 
1
H NMR and 
13
C NMR spectra were recorded at 400 or 500 and 100 
or 125 MHz, respectively. Chemical shifts () are reported in ppm from tetramethylsilane 
(TMS). FTIR spectra were recorded using a FTIR infrared microscope with ATR 
objective with 2 cm
-1
 resolution. All glassware was oven-dried overnight prior to use. 
Reagent grade tetrahydrofuran (THF) and ether (Et2O) was distilled from sodium 
benzophenoneketyl under an N2 atmosphere. Triethylamine (NEt3), dichloromethane 
(CH2Cl2), and N,N’-dimethylforamide (DMF) were distilled from calcium hydride (CaH2) 
under N2 atmosphere. THF and NEt3 were degassed with a stream of argon for 15 min 
before being used in the Sonogashira coupling reactions. All palladium-catalyzed 
reactions were carried out under argon atmosphere, while other reactions were performed 
under N2 unless otherwise noted. All other chemicals were purchased from commercial 
suppliers and used without further purification. Flash column chromatography was 
performed using 230-400 mesh silica gel from EM Science. Thin layer chromatography 
(TLC) was performed using glass plates pre-coated with silica gel 40 F254 0.25 mm layer 
thickness purchased from EM Science.  
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(4,4'-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl))bis(oxy)bis(tert-butyldimethylsilane) 
(5). An oven dried Schlenk tube equipped with a stir bar was charged with motor 432 (212 
mg, 0.4 mmol), bis(benzonitrile)palladium(II) dichloride (7.7 mg, 0.02 mmol), tri-tert-
butylphosphonium tetrafluoroborate (11.6 mg, 0.04 mmol), copper(I) iodide (7.6 mg, 
0.04 mmol), and 4-(tert-butyldimethylsilyloxy)-but-1-yne (0.50 ml, 2.4 mmol). NEt3 (4 
m ) was added and the mixture was stirred at 45 °C overnight. The resulting mixture was 
partitioned between CH2Cl2 (20 m ) and saturated NH4Cl(aq) (20 m ). The organic layer 
was dried over anhydrous MgSO4, concentrated, and purified by column chromatography 
(silica gel; 30% CH2Cl2 in hexanes) to afford 5 as a pale-yellow solid (199 mg, 67%): mp 
207–209 °C; FTIR (neat) 3052, 2954, 2930, 2856, 1588, 1472, 1454, 1388, 1362, 1252, 
1218, 1100, 1058, 1006 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.79 (d, J = 1.7 Hz, 1H), 
7.75 (d, J = 8.2 Hz, 1H), 7.69 (br d, J = 8.2 Hz, 1H), 7.49 (dd, J1 = 8.0 Hz, J2 = 0.3 Hz, 
1H), 7.47 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 1H), 7.43 (d, J = 8.2 Hz, 1H), 7.25 (dd, J1 = 8.0 
Hz, J2 = 1.7 Hz, 1H), 7.19 (ddd, J1 = 8.2 Hz, J2 = 5.5 Hz, J3 = 2.5 Hz, 1H), 7.03 (dd, J1 = 
8.1 Hz, J2 = 1.8 Hz, 1H), 6.85–6.80 (m, 2H), 6.73 (dd, J1 = 1.8 Hz, J2 = 0.4 Hz, 1H), 4.24 
(qd, J1 = 6.8 Hz, J2 = 6.1 Hz, 1H), 3.85 (t, J = 6.9 Hz, 2H), 3.63 (dd, J1 = 15.5 Hz, J2 = 
6.1 Hz, 1H), 3.59–3.52 (m, 2H), 2.67 (t, J = 6.9 Hz, 2H), 2.63 (d, J = 15.5 Hz, 1H), 2.34 
(t, J = 7.1 Hz, 2H), 0.94 (s, 9H), 0.84 (s, 9H), 0.78 (d, J = 6.8 Hz, 3 H), 0.13 (s, 6H), 
−0.02 (s, 3H), −0.03 (s, 3H). 13C NMR (125 MHz, CDCl3)  147.0, 146.1, 139.9, 137.7, 
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135.3, 134.8, 134.7, 133.1, 131.5 (CH), 130.7 (CH), 130.4 (CH), 129.3 (CH), 129.2 
(CH), 128.7, 127.9 (CH), 127.6 (CH), 127.3 (CH), 127.1, 125.9 (CH), 124.9 (CH), 124.4 
(CH), 123.6 (CH), 122.1, 122.0, 88.0, 87.0, 81.3, 80.6, 61.9 (CH2), 61.7 (CH2), 39.7 
(CH2), 37.9 (CH), 25.92 (CH3), 25.85 (CH3), 24.0 (CH2), 23.6 (CH2), 19.5 (CH3), 18.4, 
18.3, −5.19 (CH3), −5.20 (CH3), −5.31(CH3), −5.32 (CH3). HRMS (APCI) m/z calcd for 
[M+H]+ C47H57O2SSi 741.3612, found 741.3584.  
 
 
4,4'-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene-2,7-diyl)dibut-3-yn-1-ol (6). A 25 m  round-bottomed flasked equipped 
with a stir bar was charged with 5 (371 mg, 0.5 mmol). THF (2 m ) and a solution of 
TBAF (1.5 m , 1.5 mmol, 1.0 M in THF) were added, and the mixture was stirred at rt 
for 1 h. The mixture was poured into water (20 m ) and filtered. The solid was collected, 
washed by water (20 m  2), and dried under vacuum to afford desired product 6 as a 
pale-yellow solid (253 mg, 99%): mp 240 °C (decomp.); FTIR (neat) 3302, 3050, 2954, 
2922, 2894, 2838, 1702, 1586, 1516, 1454, 1386, 1338, 1256, 1170, 1042, 1020 cm
−1
; 
1H 
NMR (500 MHz, d4-THF)  7.87 (d, J = 1.7 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.71–7.68 
(m, 1H), 7.52 (dd, J1 = 8.0 Hz, J2 = 0.3 Hz, 1H), 7.50 (dd, J1 = 8.1 Hz, J2 = 0.8 Hz, 1H), 
7.44 (d, J = 8.2 Hz, 1H), 7.25 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 7.15 (ddd, J1 = 8.1 Hz, 
J2 = 6.6 Hz, J3 = 1.4 Hz, 1H), 7.03 (dd, J1 = 8.1 Hz J2 = 1.8 Hz, 1H), 6.84–6.81 (m, 1H), 
6.77 (ddd, J1 = 8.6 Hz, J2 = 6.6 Hz, J3 = 1.3 Hz, 1H), 6.68 (dd, J1 = 1.8 Hz, J1 = 0.4 Hz, 
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1H), 4.27 (qd, J1 = 6.9 Hz, J2 = 6.3 Hz, 1H), 4.00 (br s, 1H), 3.72–3.64 (m, 4H), 3.42–
3.35 (m, 2H), 2.63 (d, J = 15.5 Hz, 1H), 2.60 (t, J = 7.0 Hz, 2H), 2.25 (t, J = 7.2 Hz, 2H), 
0.75 (d, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3)  147.9, 147.2, 141.1, 138.7, 
136.2, 135.8, 135.3, 134.3, 134.3, 132.2 (CH), 131.5 (CH), 131.4 (CH), 130.3 (CH), 
130.1 (CH), 129.8, 128.7 (CH), 128.4 (CH), 128.3, 128.1 (CH), 126.6 (CH), 125.6 (CH), 
125.0 (CH), 124.4 (CH), 123.5, 123.4, 89.1, 88.1, 81.6, 81.0, 61.6 (CH2), 61.4 (CH2), 
40.3 (CH2), 38.9 (CH), 24.7 (CH2), 24.4 (CH2), 19.6 (CH3). HRMS (APCI) m/z calcd for 
[M+H]+ C35H29O2S 513.1883, found 513.1879. 
 
 
4,4'-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl) bis(4-toluenesulfonate) (7).  
An oven dried 25 m  round-bottom flask equipped with a stir bar was charged with 
dialcohol 6 (113 mg, 0.220 mmol), 4-toluenesulfonyl chloride (210 mg, 1.10 mmol), and 
CH2Cl2 (7 m ). After cooling to 0 °C, the round-bottom flask was added NEt3 (0.30 m , 
2.2 mmol). The suspension was stirred vigorously for 16 h in the absence of light. The 
resulting yellow solution was partitioned between CH2Cl2 (20 m ) and water (30 m ). 
The organic phase was dried over anhydrous MgSO4, concentrated, and purified by 
column chromatography (SiO2; 20% hexanes in CH2Cl2) to afford 7 as a yellow solid 
(130 mg, 72%): mp 181–183 °C; FTIR (neat) 3050, 2956, 2922, 1598, 1454, 1356, 1188, 
1174, 1098, 1070, 1038 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.85–7.81 (m, 2H), 7.77–
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7.74 (m, 2H), 7.73–7.68 (m, 3H), 7.50 (dd, J1 = 8.0 Hz, J2 = 0.3 Hz, 1H), 7.47 (dd, J1 = 
8.1 Hz, J2 = 0.5 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.32–7.29 (m, 2H), 7.27–7.24 (m, 2H), 
7.21–7.16 (m, 2H), 6.97 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 6.81 (ddd, J1 = 8.6 Hz, J2 = 
6.6 Hz, J3 = 1.3 Hz, 1H), 6.78–6.75 (m, 2H), 6.66 (dd, J1 = 1.8 Hz, J2 = 0.4 Hz, 1H), 
4.26–4.18 (m, 3H), 3.96–3.88 (m, 2H), 3.66 (dd, J1 = 15.5 Hz, J2 = 6.1 Hz, 1H), 2.83 (t, J 
= 7.0 Hz, 2H), 2.65 (d, J = 15.5 Hz, 1H), 2.48 (t, J = 7.2 Hz, 2H), 2.392 (s, 3H), 2.387 (s, 
3H), 0.79 (d, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3)  147.4, 146.2, 145.0, 144.8, 
139.9, 137.7, 135.9, 135.4, 134.5, 133.1, 132.9, 132.8, 131.6 (CH), 130.8 (CH), 130.6 
(CH), 129.9 (CH), 129.8 (CH), 129.4 (CH), 129.2 (CH), 128.7, 128.0 (overlapping of two 
signals, both CH carbons), 127.9 (CH), 127.7 (CH), 127.3 (CH), 126.7, 125.8 (CH), 
124.9 (CH), 124.4 (CH), 123.7 (CH), 121.25, 121.21, 84.6, 83.6, 82.4, 81.8, 67.7 (CH2), 
67.5 (CH2), 39.7 (CH2), 37.9 (CH), 21.6 (overlapping of two signals, both CH3 carbons), 
20.5 (CH2), 20.1 (CH2), 19.5 (CH3); HRMS (APCI) m/z calcd for [M+H]
+ C49H41O6S3 
821.2060, found 821.2066. 
 
 
1,1'-(4,4'-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl))bis(4-(pyridin-4-yl)pyridinium) (8).  
In a glove box, anhydrous CH3CN (16 m ) was added to a 100 m  screw-cap tube 
equipped with a stir bar. The tube was charged with 7 (162 mg, 0.200 mmol) and 4,4’-
bipyridine (500 mg, 3.20 mmol). The cap was affixed and the tube was removed from the 
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glove-box. The mixture was stirred at 90 °C for 3 d. The reaction mixture was cooled to 
rt and NH4PF6 (250 mg, 1.53 mmol) was added. The mixture was transferred to a 250 m  
round-bottom flask and rinsed with CH3CN (20 m ) and water (50 m ), and the organic 
phase was removed under vacuum. The resulting precipitate was filtered and washed with 
water (5 m  × 2). The solid was purified by a reprecipitation process from a solution of 
CH3CN (15 m ) and water (50 m ). The organic phase was removed under vacuum at 80 
°C. The resulting precipitate was filtered while hot and washed with water (5 m  × 2). 
The reprecipitation process was repeated. The desired compound 8 was collected and 
dried under vacuum as a yellow-brownish solid (125 mg, 58%): m.p. 165 °C (decomp.); 
FTIR (neat) 3130, 3069, 2930, 1738, 1640, 1548, 1460, 1410, 1328, 1218, 1172 cm
−1
; 
1
H 
NMR (500 MHz, CDCl3)  8.93–8.90 (m, 2H), 8.90–8.87 (m, 2H), 8.83–8.80 (m, 2H), 
8.56–8.53 (m, 2H), 8.38–8.35 (m, 2H), 8.12–8.08 (m, 2H), 7.79 (d, J = 8.3 Hz, 1H), 
7.79–7.77 (m, 2H), 7.76–7.71 (m, 4H), 7.59 (dd, J1 = 8.1 Hz, J2 = 0.4 Hz, 1H), 7.58 (dd, 
J1 = 8.1 Hz, J2 = 0.5 Hz, 1H), 7.44 (d, J = 8.2 Hz, 1H), 7.27 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 
1H), 7.19 (ddd, J1 = 8.1 Hz, J2 = 6.8 Hz, J3 = 1.1 Hz, 1H), 7.05 (dd, J1 = 8.1 Hz, J2 = 1.8 
Hz, 1H), 6.83 (ddd, J1 = 8.6 Hz, J2 = 6.8 Hz, J3 = 1.3 Hz, 1H), 6.72–6.69 (m, 1H), 6.53 
(dd, J1 = 1.8 Hz, J2 = 0.5 Hz, 1H), 4.87–4.77 (m, 2H), 4.62–4.49 (m, 2H), 4.09 (qd, J1 = 
6.9 Hz, J2 = 6.2 Hz, 1H), 3.48 (dd, J1 = 15.7 Hz, J2 = 6.2 Hz, 1H), 3.23 (t, J = 6.3 Hz, 
2H), 2.91 (J = 6.3 Hz, 2H), 2.51 (d, J = 15.7 Hz, 1H), 0.63 (d, J = 6.9 Hz, 3H); 13C NMR 
(125 MHz, CDCl3)  155.7, 155.6, 152.3 (CH), 152.2 (CH), 148.6, 148.1, 146.3 (CH), 
145.9 (CH), 142.2, 142.1, 141.1, 138.6, 136.99, 136.96, 135.1, 134.0, 132.0 (CH), 131.6 
(CH), 131.5 (CH), 130.7 (CH), 130.4 (CH), 129.5, 129.2 (CH), 129.0 (CH), 128.9 (CH), 
127.6, 126.9 (CH), 126.7 (CH), 126.4 (CH), 126.1 (CH), 125.5 (CH), 125.2 (CH), 122.92 
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(CH), 122.91 (CH), 122.0, 121.5, 85.6, 85.3, 84.9, 84.8, 60.6 (CH2), 60.4 (CH2), 40.2 
(CH2), 38.9 (CH), 22.7 (CH2), 22.4 (CH2), 19.5 (CH3); HRMS (ESI) m/z calcd for 
[M−2PF6]
2+ C55H42N4S 395.1560, found 395.1546. 
 
 
1',1''-(4,4'-(9-(2-Methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl))bis(1-methyl-4,4'-bipyridine-1,1'-
diium) tetrakis(hexafluorophosphate) (Quenching nanosubmarine 3). A 5 m  round-
bottom flask equipped with a stir bar was charged with 8 (65 mg, 0.060 mmol). CH3CN 
(1.5 m ) and MeOTs (0.10 m ; 0.66 mmol) was added and the mixture was stirred at 60 
°C for 16 h. After cooling to rt, CH2Cl2 (10 m ) was added and the solid was filtered, 
collected, and washed thoroughly with CH2Cl2 (10 m  × 2). To the solid was added 
NH4PF6 (100 mg, 0.61 mmol) and the mixture was dissolved in CH3CN (10 m ) and 
water (20 m ). The organic phase was removed under vacuum, and the suspension in 
water was filtered, and washed with water (10 m ). The solid was collected and dried 
under vacuum to afford the desired product as a brown solid (50 mg, 60%): m.p. 180 °C 
(decomp.); FTIR (neat)  3138, 3070, 2960, 2918, 2850, 1726, 1640, 1564, 1452, 1376, 
1224 cm-1; 1H NMR (500 MHz, CD3CN)  9.06–9.03 (m, 2H), 8.90–8.85 (m, 4H), 8.73–
8.70 (m, 2H), 8.48–8.45 (m, 2H), 8.41–8.35 (m, 4H), 8.28–8.24 (m, 2H), 7.90 (d, J = 1.8 
Hz, 1H), 7.82 (br d, J = 8.2 Hz, 1H), 7.78–7.74 (m, 1H), 7.61 (dd, J1 = 8.1 Hz, J2 = 0.3 
Hz, 1H), 7.59 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 1H), 7.51 (br d, J = 8.2 Hz, 1H), 7.29 (dd, J1 
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= 8.1 Hz, J2 = 1.8 Hz, 1H), 7.21 (ddd, J1 = 8.2 Hz, J2 = 6.7 Hz, J3 = 1.2 Hz, 1H), 7.06 
(dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 6.85 (ddd, J1 = 8.6 Hz, J2 = 6.7 Hz, J3 = 1.8 Hz, 1H), 
6.77–6.73 (m, 1H), 6.66 (dd, J1 = 1.8 Hz, J1 = 0.4 Hz, 1H), 4.92–4.83 (m, 2H), 4.68–4.55 
(m, 2H), 4.43 (s, 3H), 4.41 (s, 3H), 4.20 (qd, J1 = 6.9 Hz, J2 =  6.1 Hz, 1H), 3.65 (dd, J1 = 
15.7 Hz, J2 = 6.1 Hz, 1H), 3.25 (t, J = 6.3 Hz, 2H), 2.98–2.86 (m, 2H), 2.62 (d, J = 15.7 
Hz, 1H), 0.69 (d, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CD3CN)  151.6, 151.5, 150.6, 
150.5, 148.7, 148.2, 147.6 (overlapping of two signals, both CH carbons), 146.9 (CH), 
146.6 (CH), 141.2, 138.6, 137.00, 136.96, 135.2, 134.1, 132.1 (CH), 131.7 (CH), 131.5 
(CH), 130.8 (CH), 130.6 (CH), 129.6, 129.2 (CH), 129.0 (CH), 128.9 (CH), 128.1 (CH), 
127.94 (CH), 127.91 (CH), 127.87 (CH), 127.6, 126.4 (CH), 126.1 (CH), 125.5 (CH), 
125.3 (CH), 122.0, 121.5, 85.4, 85.3, 84.9, 84.7, 61.2 (CH2), 61.0 (CH2), 49.70 (CH3), 
49.67 (CH3), 40.3 (CH2), 39.0 (CH), 22.8 (CH2), 22.5 (CH2), 19.5 (CH3); HRMS (ESI) 
m/z calcd for [M−3PF6]
+3 C57H48N4SPF6 321.7750, found 321.7752. 
 
 
(4,4'-(9-(2-Methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl))bis(oxy)bis(tert-butyldimethylsilane) 
(10). Following the procedure described in the synthesis of 5, motor 9 (700 mg, 1.24 
mmol), bis(triphenylphosphine)palladium(II) dichlodride (88 mg, 0.13 mmol), copper(I) 
iodide (48 mg, 0.26mmol), 4-(tert-butyldimethylsilyloxy)-1-butyne (1.02 m , 4.96 
mmol), and triethyl amine (6.5 m ) were used in the reaction to yield 10 as a white solid 
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(782 mg, 82%): m.p. 72–74 °C; FTIR (neat) 3052, 2952, 2928, 2856, 1588, 1504, 1456, 
1388, 1360, 1332, 1250, 1102, 1058, 1006 cm
−1
; 
1
H NMR (500 MHz, CDCl3)  7.62–
7.56 (m, 3H), 7.51 (dd, J1 = 8.0 Hz, J2 = 0.3 Hz, 1H), 7.50–7.47 (m, 1H), 7.38 (d, J = 8.5 
Hz, 1H), 7.31 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 1H), 7.15 (dd, J1 = 8.1 Hz J2 = 0.5 Hz, 1H), 
7.12 (ddd, J1 = 8.1 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz, 1H), 6.99 (ddd, J1 = 8.5 Hz, J2 = 6.8 Hz, 
J3 = 1.3 Hz, 1H), 6.73 (dd, J1 = 8.1 Hz, J1 = 1.8 Hz, 1H), 6.35 (dd, J1 = 1.8 Hz, J2 = 0.3 
Hz, 1H), 4.10 (dqd, J1 = 7.4 Hz, J2 = 6.8 Hz, J3 = 3.5 Hz, 1H), 3.85 (t, J = 6.9 Hz, 2H), 
3.70 (dd, J1 = 11.4 Hz, J2 = 7.4 Hz, 1H), 3.62 (t, J = 7.1 Hz, 2H), 3.06 (dd, J1 = 11.4 Hz, 
J2 = 3.5 Hz, 1H), 2.67 (t, J = 6.9 Hz, 2H), 2.39 (t, J = 7.1 Hz, 2H), 0.94 (s, 9H), 0.88 (s, 
9H), 0.79 (d, J = 6.8 Hz, 3H), 0.12 (s, 6H), 0.04 (s, 6H); 13C NMR (125 MHz, CDCl3)  
137.9, 137.6, 135.8, 135.6, 135.2, 133.6, 132.0 (CH), 131.6, 131.2, 130.9, 130.6, 130.5 
(CH), 130.0 (CH), 129.2 (CH), 127.71 (CH), 127.69 (CH), 127.5 (CH), 126.1 (CH), 
125.8 (CH), 125.5 (CH), 124.4 (CH), 124.0 (CH), 121.9, 121.1, 88.4, 86.8, 81.1, 80.5, 
61.84 (CH2), 61.82 (CH2), 37.2 (CH2), 32.6 (CH), 25.93 (CH3), 25.90 (CH3), 24.0 (CH2), 
23.7, 19.2 (CH3), 18.4, 18.3, −5.17 (CH3), −5.18 (CH3), −5.22 (CH3), −5.23 (CH3); 
HRMS (APCI) m/z calcd for [M+H]+ C47H57O2S2Si2 773.3333, found 773.3331. 
 
 
4,4'-(9-(2-Methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-ylidene)-9H-thioxanthene-
2,7-diyl)dibut-3-yn-1-ol (11). Following the procedure described in the synthesis of 6, 
10 (386 mg, 0.5 mmol), THF (2 mL), and TBAF (1.5 mL, 1.0 M in THF) were used in 
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the reaction to yield 11 as a white solid (220 mg, 97%): m.p. 190 °C (decomp.); FTIR 
(neat) 3286, 3046, 2918, 2878, 2228, 1616, 1588, 1550, 1504, 1454, 1388, 1328, 1242, 
1166, 1136, 1076, 1044, 1022 cm
−1
; 
1H NMR (500 MHz, d4-THF)  7.66 (d, J = 1.6 Hz, 
1H), 7.64 (br d, J = 8.4 Hz, 1H), 7.59–7.56 (m, 1H), 7.54 (dd, J1 = 8.0 Hz, J2 = 0.3 Hz, 
1H), 7.53–7.49 (m, 1H), 7.37 (d, J = 8.6 Hz, 1H), 7.32 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 1H), 
7.16 (dd, J1 = 8.1 Hz J2 = 0.5 Hz, 1H), 7.06 (ddd, J1 = 8.1 Hz, J2 = 6.8 Hz, J3 = 1.1 Hz, 
1H), 6.94 (ddd, J1 = 8.5 Hz, J2 = 6.8 Hz, J3 = 1.3 Hz, 1H), 6.72 (dd, J1 = 8.1 Hz, J1 = 1.8 
Hz, 1H), 6.33 (d, J = 1.7 Hz, 1H), 4.09 (dqd, J1 = 7.2 Hz, J2 = 6.7 Hz, J3 = 3.4 Hz, 1H), 
4.00 (t, J = 5.7 Hz, 1H), 3.77 (dd, J1 = 11.5 Hz, J2 = 7.3 Hz, 1H), 3.73 (t, J = 5.9 Hz, 1H), 
3.68 (dt, J1 = 7.0 Hz, J2 = 5.7 Hz, 2H), 3.45 (dd, J1 = 7.2 Hz, J2 = 5.9 Hz, 1H), 3.05 (dd, 
J1 = 11.5 Hz, J2 = 3.4 Hz, 1H), 2.59 (t, J = 7.0 Hz, 2H), 2.30 (t, J = 7.2 Hz, 2H), 0.75 (d, J 
= 6.7 Hz, 3H); 13C NMR (125 MHz, d4-THF)  139.0, 138.8, 136.8, 136.7, 136.4, 134.6, 
132.7, 132.6 (CH), 132.1, 131.7, 131.6, 131.3 (CH), 130.8 (CH), 130.1 (CH), 128.6 
(CH), 128.5 (CH), 128.4 (CH), 127.0 (CH), 126.6 (CH), 126.1 (CH), 125.1 (CH), 124.7 
(CH), 123.3, 122.4, 89.5, 87.9, 81.4, 80.9, 61.6 (CH2), 61.5 (CH2), 37.5 (CH2), 33.6 
(CH), 24.7 (CH2), 24.4 (CH2), 19.2 (CH3); HRMS (APCI) m/z calcd for [M+H]
+
 
C35H29O2S2 545.1603, found 545.1591. 
 
 
4,4'-(9-(2-Methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-ylidene)-9H-thioxanthene-
2,7-diyl)bis(but-3-yne-4,1-diyl) bis(4-toluenesulfonate) (12). Following the procedure 
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described in the synthesis of 7, 11 (164 mg, 0.3 mmol), 4-toluenesulfonyl chloride (172 
mg, 0.9 mmol), NEt3 (0.17 mL, 1.2 mmol), and CH2Cl2 (6 mL) were used in the reaction 
to yield 12 as a pale-yellow solid (230 mg, 90%): m.p. 84–86 °C; FTIR (neat) 3052, 2960, 
2924, 1598, 1454, 1188, 1174, 1098, 1066 cm
−1
; 
1H NMR (500 MHz, CDCl3)  7.86–
7.81 (m, 2H), 7.76–7.72 (m, 2H), 7.61 (d, J = 8.4 Hz, 1H), 7.59–7.55 (m, 2H), 7.51 (d, J 
= 8.1 Hz, 1H), 7.48–7.44 (m, 1H), 7.39 (d, J = 8.6 Hz, 1H), 7.35–7.31 (m, 2H), 7.28–7.24 
(m, 3H), 7.15 (dd, J1 = 8.1 Hz, J2 = 0.4 Hz, 1H), 7.11 (ddd, J1 = 8.0 Hz, J2 = 6.8 Hz, J3 = 
1.2 Hz, 1H), 6.99 (ddd, J1 = 8.5 Hz, J2 = 6.8 Hz, J3 = 1.3 Hz, 1H), 6.65 (dd, J1 = 8.1 Hz, 
J1 = 1.8 Hz, 1H), 6.29 (d, J = 1.5 Hz, 1H), 4.27–4.18 (m, 2H), 4.07 (dqd, J1 = 7.5 Hz, J2 = 
6.8 Hz, J3 = 3.5 Hz, 1H), 4.03–3.98 (m, 2H), 3.69 (dd, J1 = 11.5 Hz, J2 = 7.5 Hz, 1H), 
3.05 (dd, J1 = 11.5 Hz, J2 = 3.5 Hz, 1H), 2.84 (t, J = 7.0 Hz, 2H), 2.59–2.49 (m, 2H), 2.41 
(s, 3H), 2.40 (s, 3H), 0.80 (d, J = 6.8 Hz, 3H). 13C NMR (125 MHz, CDCl3)  145.0, 
144.8, 138.1, 137.8, 136.1, 135.7, 134.1, 132.9, 132.8, 132.2 (CH), 131.6, 130.4, 130.9, 
130.8, 130.7 (CH), 130.5, 130.0 (CH), 129.93 (CH), 129.87 (CH), 129.2 (CH), 128.0 
(CH), 127.9 (CH), 127.83 (CH), 127.82 (CH), 127.6 (CH), 126.1 (CH), 125.9 (CH), 
125.6 (CH), 124.4 (CH), 123.9 (CH), 121.1, 120.2, 85.0, 83.5, 82.2, 81.6, 67.61 (CH2), 
67.56 (CH2), 37.1 (CH2), 32.8 (CH), 21.7 (CH3), 21.6 (CH3), 20.6 (CH2), 20.2 (CH2), 
19.3 (CH3); HRMS (APCI) m/z calcd for [M+H]
+ C49H41O6S4 853.1780, found 853.1773. 
 
 
1,1'-(4,4'-(9-(2-Methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-ylidene)-9H-
252 
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl))bis(4-(pyridin-4-yl)pyridinium) 
bis(hexafluorophosphate) (13). Following the procedure described in the synthesis of 8, 
12 (171 mg, 0.2 mmol), 4,4’-bipyridine (500 mg, 3.2 mmol), and CH3CN (16 mL) were 
used in the reaction to yield compound 13 as a yellow-brownish solid (135 mg, 61%): 
m.p. 185 °C (decomp.); FTIR (neat) 3642, 3120, 3072, 1642, 1602, 1548, 1524, 1458, 
1412, 1328, 1220, 1174, 1136, 1070 cm
−1
; 
1H NMR (500 MHz, CD3CN)  8.94–8.91 (m, 
2H), 8.88–8.86 (m, 2H), 8.85–8.82 (m, 2H), 8.69–8.65 (m, 2H), 8.39–8.36 (m, 2H), 8.31–
8.28 (m, 2H), 7.82–7.78 (m, 4H), 7.68–7.65 (m, 1H), 7.61 (dd, J1 = 8.1 Hz, J2 = 0.3 Hz, 
1H), 7.62–7.59 (m, 1H), 7.46 (d, J = 1.7 Hz, 1H), 7.46–7.43 (m, 1H), 7.34 (dd, J1 = 8.1 
Hz, J2 = 1.8 Hz, 1H), 7.32 (d, J = 8.6 Hz, 1H), 7.26 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 1H), 
7.12 (ddd, J1 = 8.1 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz, 1H), 7.00 (ddd, J1 = 8.5 Hz, J2 = 6.8 Hz, 
J3 = 1.3 Hz, 1H), 6.74 (dd, J1 = 8.1 Hz, J1 = 1.8 Hz, 1H), 6.19 (br d, J = 1.7 Hz, 1H), 
4.88–4.78 (m, 2H), 4.63 (t, J = 6.4 Hz, 2H), 3.94 (dqd, J1 = 7.0 Hz, J2 = 6.7 Hz, J3 = 3.2 
Hz, 1H), 3.55 (dd, J1 = 11.5 Hz, J2 = 7.1 Hz, 1H), 3.24 (t, J = 6.3 Hz, 2H), 2.97 (t, J = 6.4 
Hz, 2H), 2.96 (dd, J1 = 11.5 Hz, J2 = 3.2 Hz, 1H), 0.65 (d, J = 6.7 Hz, 3H); 
13C NMR 
(125 MHz, CD3CN)  155.7, 155.6, 152.28 (CH), 152.26 (CH), 146.3 (CH), 146.0 (CH), 
142.14, 142.12, 139.3, 139.2, 137.2, 136.6, 136.5, 136.0, 132.5 (CH), 132.4, 131.52 
(CH), 131.46, 131.42 (CH), 131.3 (CH), 131.1, 130.3 (CH), 129.0 (CH), 128.9 (CH), 
128.8 (CH), 127.9 (CH), 127.2 (CH), 126.9 (CH), 126.8, 126.2 (CH), 125.6 (CH), 124.7 
(CH), 123.0 (CH), 122.9 (CH), 121.9, 120.6, 85.9, 85.1, 84.8, 84.6, 60.5 (CH2), 60.3 
(CH2), 37.6 (CH2), 32.9 (CH), 22.7 (CH2), 22.4 (CH2), 18.9 (CH3); HRMS (ESI) m/z 
calcd for [M−2PF6]
+2 C55H42N4S2 414.1120, found 414.1114. 
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1',1''-(4,4'-(9-(2-Methyl-2,3-dihydro-1H-benzo[f]thiochromen-1-ylidene)-9H-
thioxanthene-2,7-diyl)bis(but-3-yne-4,1-diyl))bis(1-methyl-4,4'-bipyridine-1,1'-diium) 
tetrakis(hexafluorophosphate) (14). Following the procedure described in the synthesis 
of 3, 13 (33 mg, 0.03 mmol), methyl tosylate (0.05 mL; 0.33 mmol), and CH3CN (1.2 mL) 
were used in the reaction to yield 14 as a yellow solid (29 mg, 67%): m.p. 170 °C 
(decomp.); FTIR (neat) 3314, 3070, 2918, 1726, 1640, 1564, 1510, 1454, 1180, 1000 
cm
−1
; 
1H NMR (500 MHz, CDCl3)  9.06–9.02 (m, 2H), 8.89–8.85 (m, 4H), 8.82–8.78 
(m, 2H), 8.49–8.45 (m, 2H), 8.42–8.35 (m, 6H), 7.72–7.68 (m, 1H), 7.65–7.62 (m, 1H), 
7.63 (dd, J1 = 8.1 Hz, J2 = 0.3 Hz, 1H), 7.59 (d, J = 1.6 Hz, 1H), 7.50–7.47 (m, 1H), 7.39 
(d, J = 8.6 Hz, 1H), 7.35 (dd, J1 = 8.1 Hz, J2 = 1.7 Hz, 1H), 7.28 (dd, J1 = 8.1 Hz, J2 = 0.5 
Hz, 1H), 7.14 (ddd, J1 = 8.1 Hz, J2 = 6.9 Hz, J3 = 1.2 Hz, 1H), 7.02 (ddd, J1 = 8.5 Hz, J2 
= 6.8 Hz, J3 = 1.3 Hz, 1H), 6.76 (dd, J1 = 8.1 Hz, J1 = 1.8 Hz, 1H), 6.32 (br d, J = 1.7 Hz, 
1H), 4.88 (t, J = 6.3 Hz, 2H), 4.68 (t, J = 6.5 Hz, 2H), 4.42 (br s, 6H), 4.00 (dqd, J1 = 7.0 
Hz, J2 = 6.7 Hz, J3 = 3.0 Hz, 1H), 3.71 (dd, J1 = 11.5 Hz, J2 = 7.0 Hz, 1H), 3.25 (t, J = 6.3 
Hz, 2H), 3.06 (dd, J1 = 11.5 Hz, J2 = 3.0 Hz, 1H), 2.98 (t, J = 6.4 Hz, 2H), 0.69 (d, J = 
6.7 Hz, 3H); 13C NMR (125 MHz, CD3CN)  151.6, 151.5, 150.6, 150.5, 147.6 
(overlapping of two signals, both CH carbons), 146.9 (CH), 146.7 (CH), 139.34, 139.28, 
137.3, 136.7, 136.5, 136.1, 132.54 (CH), 132.47, 131.6, 131.5, 131.43 (CH), 131.39 
(CH), 131.2, 130.4 (CH), 129.0 (CH), 128.9 (overlapping of two signals, both CH 
carbons), 128.2 (CH), 128.0 (CH), 127.920 (CH), 127.916 (CH), 127.89 (CH), 127.2 
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(CH), 126.3 (CH), 125.7 (CH), 124.7 (CH), 121.9, 120.6, 85.7, 85.1, 84.7, 84.6, 61.2 
(CH2), 61.0 (CH2), 49.7 (CH3), 37.6 (CH2), 33.0 (CH), 22.8 (CH2), 22.5 (CH2), 18.9 
(CH3); HRMS (ESI) m/z calcd for [M−4PF6]
4+ C57H48N4S2 213.0825, found 213.0816. 
 
 
2-((1E,3E,5Z)-5-(3,3-Dimethyl-1-(6-oxo-6-(prop-2-ynylamino)hexyl)indolin-2-
ylidene)penta-1,3-dienyl)-1,3,3-trimethyl-3H-indolium hexafluorophosphate (18). An 
oven-dried round-bottom flask equipped with a stir bar was charged with cy5 dye 17 (153 
mg, 0.25 mmol) and N,N’-dicyclohexylcarbodiimide (54 mg, 0.26 mmol), to which 
CH2Cl2 (2 m ) and propargyl amine (19 μ , 0.3 mmol) was added in sequence. The 
solution was allowed to stir at rt overnight in the absence of light. The solution was 
purified by column chromatography (SiO2, 2% MeOH in CH2Cl2) to afford the desired 
cy5 dye 18 as a blue solid (135 mg, 83%): m.p. 98 °C (decomp.); FTIR (neat) 3426, 
3320, 3286, 2928, 2850, 1480, 1446, 1367, 1332, 1213, 1142, 1086, 1036, 1014 cm-1; 1H 
NMR (500 MHz, CD2Cl2)  8.15–8.08 (m, 2H), 7.51–7.47 (m, 2H), 7.43–7.37 (m, 2H), 
7.28–7.23 (m, 4H), 6.90 (br t, J = 5.7Hz, 1H), 6.59 (t, J = 12.5 Hz, 1H), 6.25 (d, J = 13.8 
Hz, 1H), 6.21 (d, J = 13.9 Hz, 1H), 4.02 (t, J = 7.6Hz, 2H), 3.89 (dd, J1 = 5.7 Hz, J2 = 2.5 
Hz, 2H), 3.55 (s, 3H), 2.41 (t, J = 2.5 Hz, 1H), 2.16 (t, J = 7.4 Hz, 2H), 1.81–1.74 (m, 
2H), 1.687 (s, 6H), 1.686 (s, 6H), 1.66–1.60 (m, 2H), 1.47–1.40 (m, 2H); 13C NMR (125 
MHz, CD2Cl2)  174.9, 174.3, 173.3, 154.9 (CH), 154.8 (CH), 144.1, 143.4, 142.5, 142.3, 
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129.6 (CH), 129.5 (CH), 125.960 (CH), 125.957 (CH), 125.7 (CH), 123.3 (CH), 123.2 
(CH), 112.1 (CH), 111.8 (CH), 103.2 (CH), 104.1 (CH), 81.8 (CH), 71.6 (CH), 50.24, 
50.19, 44.9 (CH2), 36.3 (CH2), 32.2 (CH3), 29.0 (CH2), 27.83 (CH3), 27.77 (CH2), 27.7 
(CH3), 27.0 (CH2), 25.9 (CH2); HRMS (APCI) m/z calcd for [M−PF6]
+ C35H42N3O 
520.3322, found 520.3328. 
 
 
2,7-Bis(4-azidobut-1-ynyl)-9-(2-methyl-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-
ylidene)-9H-thioxanthene (19). An oven-dried round-bottom flask equipped with a stir 
bar was charged with ditosylate 7 (190 mg, 0.23 mmol) and NaN3 (60 mg, 1.0 mmol). 
DMF (5 m ) was added, and the mixture was stirred at 80 °C overnight. After cooled to 
rt, the mixture was partitioned between Et2O (20 m ) and water (30 m  × 3). The organic 
phase was dried over anhydrous MgSO4, and concentrated under vacuum to afford 19 as 
a pale yellow solid (125 mg, 97%): m.p. 199–200 °C; FTIR (neat) 3048, 2922, 2190, 
1738, 1586, 1452, 1336, 1270, 1066 cm-1; 1H NMR (500 MHz, CDCl3)  7.81 (d, J = 1.7 
Hz, 1H), 7.76 (br d, J = 8.1 Hz, 1H), 7.73–7.69 (m , 1H), 7.51 (dd, J1 = 8.0 Hz, J2 = 0.4 
Hz, 1H), 7.48 (dd, J1 = 8.1 Hz, J2 = 0.5 Hz, 1H), 7.43 (br d, J = 8.2 Hz, 1H), 7.27 (dd, J1 
= 8.0 Hz, J2 = 1.7 Hz, 1H), 7.21 (ddd, J1 = 8.2 Hz, J2 = 6.5 Hz, J3 = 1.4 Hz, 1H), 7.05 
(dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 6.83 (ddd, J1 = 8.6 Hz, J2 = 6.5 Hz, J3 = 1.3 Hz, 1H), 
6.81–6.77 (m, 1H), 6.73 (dd, J1 = 1.7 Hz, J2 = 0.4 Hz, 1H), 4.23 (qd, J1 =  6.8 Hz, J2 =  
6.1 Hz, 1H), 3.64 (dd, J1 = 15.5 Hz, J2 = 6.1 Hz, 1H), 3.51 (t, J = 6.7 Hz, 2H), 3.22 (t, J = 
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6.9 Hz, 2H), 2.76 (t, J = 6.7 Hz, 2H), 2.63 (d, J = 15.5 Hz, 1H), 2.42 (t, J = 6.9 Hz, 2H), 
0.75 (d, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3)  147.3, 146.1, 139.9, 137.7, 
135.8, 135.3, 134.6, 133.1, 131.6 (CH), 130.8 (CH), 130.4 (CH), 129.3 (CH), 129.2 
(CH), 128.7, 127.9 (CH), 127.7 (CH), 127.3 (CH), 126.8, 125.9 (CH), 124.9 (CH), 124.4 
(CH), 123.7 (CH), 121.4, 121.4, 86.5, 85.6, 82.3, 81.6, 49.9 (CH2), 49.7 (CH2), 39.7 
(CH2), 37.9 (CH), 20.8 (CH2), 20.4 (CH2), 19.6 (CH3); HRMS (APCI) m/z calcd for 
[M+Na]+ C35H26N6SNa 585.1832, found 585.1839. 
 
 
Cy5-armed nanosubmarine 15. A 2 m  vial charged with diazide 19 (18 mg, 0.032 
mmol), cy5 dye 18 (47 mg, 0.071 mmol), CuSO4(s) (0.8 mg, 0.0032 mmol), and sodium 
ascorbate (1.9 mg, 0.0096 mmol) was sealed with a rubber septum cap. A well degassed 
mixture of CH2Cl2 (0.08 m ) and water (0.08 m ) was added to the vial, and the vial was 
shaken by a wrist-action shaking machine for 48 h. The mixture was partitioned between 
CH2Cl2 (5 m ) and water (5 m ). The organic phase was dried over anhydrous MgSO4, 
filtered, and the filtrate was concentrated under vacuum. The crude product was purified 
by column chromatography (silica gel, 2% to 3% MeOH in CH2Cl2) to afford the desired 
cy5-armed nanosubmarine 15 as a blue solid (56 mg, 89%): m.p. 165 °C (decomp.); 
FTIR (neat): 3426, 2954, 2922, 2852, 1480, 1446, 1368, 1332, 1216, 1144, 1084, 1038, 
257 
1014 cm
-1
; 
1H NMR (500 MHz, CD3CN)  8.08–8.00 (m, 4H), 7.84 (d, J = 1.5 Hz, 1H), 
7.82 (br s, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.76–7.72 (m, 1H), 7.50 (s, 1H), 7.48 (s, 1H), 
7.49–7.32 (m, 10H), 7.26–7.10 (m, 10H), 6.98 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 6.95 (br 
t, J = 5.5 Hz, 1H), 6.84 (br t, J = 5.6 Hz, 1H), 6.80 (ddd, J1 = 8.5 Hz, J2 = 6.7 Hz, J3 = 1.3 
Hz, 1H), 6.75–6.71 (m, 1H), 6.61 (d, J = 1.6 Hz, 1H), 6.52–6.43 (m, 2H), 6.17–6.09 (m, 
4H), 4.56 (t, J = 6.4 Hz, 2H), 4.46–4.20 (m, 6H), 4.19 (qd, J1 = 6.9 Hz, J2 = 6.2 Hz, 1H), 
3.92–3.80 (m, 4H), 3.71 (dd, J1 = 15.6 Hz, J2 = 6.2 Hz, 1H), 3.51 (s, 3H), 3.49 (s, 3H), 
2.99 (t, J = 6.4 Hz, 2H), 2.65 (t, J = 6.5 Hz, 2H), 2.61 (d, J = 15.6 Hz, 1H), 2.07–2.03 (m, 
4H), 1.68–1.59 (m, 28H), 1.56–1.46 (m, 4H), 1.36–1.24 (m, 4H), 0.65 (d, J = 6.9 Hz, 
3H); 13C NMR (125 MHz, CD3CN)  174.98, 174.96, 174.14, 174.10, 173.4, 173.4, 
154.8 (overlapping of four signals, all CH carbons), 148.5, 148.2, 146.3, 146.0, 144.07, 
144.06, 143.28, 143.26, 142.40, 142.39, 142.300, 142.296, 141.2, 138.6, 136.443, 
136.436, 135.2, 134.1, 132.1 (CH), 131.59 (CH), 131.57 (CH), 130.6 (CH), 130.3 (CH), 
129.57, 129.56 (overlapping of four signals, all CH carbons), 129.2 (CH), 128.8 (CH), 
128.7 (CH), 127.7, 126.3 (CH), 126.0 (overlapping of three signals, all CH carbons), 
125.972 (CH), 125.966 (CH), 125.59 (CH), 125.55 (CH), 125.4 (CH), 125.2 (CH), 123.9 
(CH), 123.7 (CH), 123.3 (overlapping of two signals, both CH carbons), 123.2 
(overlapping of two signals, both CH carbons), 122.6, 122.2, 112.0 (CH), 111.9 (CH), 
111.850 (CH), 111.846 (CH), 104.15 (CH), 104.14 (CH), 103.93 (CH), 103.91 (CH), 
87.9, 87.2, 83.2, 82.8, 50.19, 50.184, 50.177 (overlapping of two signal, both quaternary 
carbons), 49.6 (CH2), 49.4 (CH2), 44.83 (CH2), 44.82 (CH2), 40.4 (CH2), 39.0 (CH), 36.4 
(CH2), 36.3 (CH2), 35.6 (CH2), 35.5 (CH2), 32.03 (CH3), 32.01 (CH3), 27.81 (CH3), 27.80 
(CH3), 27.7 (CH2), 27.64 (CH2), 27.61 (overlapping of two signals, both CH3 carbons), 
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27.0 (overlapping of two signals, both CH2 carbons), 25.94 (CH2), 25.92 (CH2), 22.1 
(CH2), 21.8 (CH2), 19.6 (CH3); HRMS (ESI) m/z calcd for [M−2PF6]
+2 C105H110N12S 
801.4292, found 801.4268. 
Note: 1. Two pairs of considerably broader and consequently shorter signals at  146.4 
(quaternary carbon) and 146.0 (quaternary carbon), and  123.9 (CH) and 123.7 (CH) 
were observed. These signals to the carbons in the 1,2,3-triazole rings, with the breadth 
resulting from rapid relaxation caused by the directly attached 14N (a quadrupolar 
nucleus).53,54 These assignments were consistent with the observation in the 13C NMR 
spectrum of 16. 2. The assignments were tentatively determined by comparing 13C NMR 
spectrum and DEPT-135 spectra of 15, 16, 18, and 19. Further experiments and/or the use 
of higher frequency NMR instrument maybe required to confirm the assignments. 
 
 
(2,7-Bis(4-azidobut-1-ynyl)-9H-thioxanthen-9-ylidene)-2-methyl-2,3-dihydro-1H-
benzo[f]thiochromene (20). Following the procedure described in the synthesis of 19, 12 
(111 mg, 0.100 mmol), NaN3 (20 mg, 0.31 mmol), and DMF (3 mL) were used in the 
reaction to yield 20 as a pale yellow solid (mg, 96%): m.p. 96–98 °C; FTIR (neat) 3052, 
2870, 2926, 2088, 1738, 1586, 1444, 1426, 1414, 1366, 1218, 1064 cm
-1
; 
1H NMR (500 
MHz, CDCl3)  7.64–7.56 (m, 3H), 7.51 (dd, J1 = 8.0 Hz, J2 = 0.3 Hz, 1H), 7.49–7.46 (m, 
1H), 7.39 (d, J = 8.5 Hz, 1H), 7.32 (dd, J1 = 8.0 Hz, J2 = 1.7 Hz, 1H), 7.15 (dd, J1 = 8.1 
Hz, J2 = 0.5 Hz, 1H), 7.11 (ddd, J1 = 8.1 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz, 1H), 6.99 (ddd, J1 
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= 8.5 Hz, J2 = 6.8 Hz, J3 = 1.2 Hz, 1H), 6.75 (dd, J1 = 8.1 Hz, J2 = 1.8 Hz, 1H), 6.37 (d, J 
= 1.6 Hz, 1H), 4.09 (dqd, J1 = 7.4 Hz, J2 = 6.8 Hz, J3 = 3.4 Hz, 1H), 3.70 (dd, J1 = 11.5 
Hz, J2 = 7.4 Hz, 1H), 3.50 (t, J = 6.6 Hz, 1H), 3.27 (t, J = 6.9 Hz, 1H), 3.05 (dd, J1 = 11.5 
Hz, J2 = 3.4 Hz, 1H), 2.76 (t, J = 6.6 Hz, 1H), 2.47 (t, J = 6.9 Hz, 1H), 0.79 (d, J = 6.8 
Hz, 1H); 13C NMR (125 MHz, CDCl3)  137.92, 137.85, 136.00, 135.72, 135.37, 133.99, 
132.12 (CH), 131.56, 130.92, 130.81, 130.58 (CH), 130.55, 129.92 (CH), 129.12 (CH), 
127.72 (CH), 127.70 (CH), 127.61 (CH), 126.18 (CH), 125.87 (CH), 125.52 (CH), 
124.41 (CH), 123.92 (CH), 121.30, 120.46, 86.94, 85.45, 82.13, 81.43, 49.79 (CH2), 
49.73 (CH2), 37.09 (CH2), 32.56 (CH), 20.88 (CH2), 20.40 (CH2), 19.22 (CH3); HRMS 
(APCI) m/z calcd for [M+Na]+ C35H26N6S2Na 617.1553, found 617.1570. 
 
 
Cy5-armed control molecule 16. Following the procedure described in the synthesis of 
15, 20 (11.9 mg, 0.02 mmol), 18 (29.3 mg, 0.044 mmol), CuSO4∙5H2O (0.5 mg, 0.002 
mmol), sodium ascorbate (1.5 mg, 0.06 mmol), CH2Cl2 (0.05 mL), and water (0.05 mL) 
were used in the reaction to yield 20 as a blue solid (29 mg, 76%): m.p. 155 °C (decomp.); 
FTIR (neat) 3426, 2926, 2854, 1480, 1446, 1368, 1332, 1216, 1144, 1088, 1038, 1014 
cm
-1
; 
1H NMR (500 MHz, CD3CN)  8.10–8.00 (m, 4H), 7.81 (br s, 1H), 7.68-7.65 (m, 
1H), 7.63–7.60 (m, 1H), 7.56 (d, J = 1.5 Hz, 1H), 7.55 (s, 1H), 7.51 (d, J = 8.0 Hz, 1H), 
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7.48–7.43 (m, 5H), 7.42–7.34 (m, 5H), 7.27–7.20 (m, 7H), 7.19-7.15 (m, 3H), 7.11 (ddd, 
J1 = 8.1 Hz, J2 = 6.8 Hz, J3 = 1.1 Hz, 1H), 6.97 (ddd, J1 = 8.6 Hz, J2 = 6.8 Hz, J3 = 1.3 
Hz, 1H), 6.87 (br t, J = 5.7 Hz, 1H), 6.83 (br t, J = 5.7 Hz, 1H), 6.68 (dd, J1 = 8.1 Hz, J2 = 
1.8 Hz, 1H), 6.53–6.44 (m, 2H), 6.28 (d, J = 1.7 Hz, 1H),  6.18–6.10 (m, 4H), 4.57 (t, J = 
6.4 Hz, 2H), 4.43–4.29 (m, 6H), 3.99 (dqd, J1 = 7.2 Hz, J2 = 6.7 Hz, J3 = 3.0 Hz, 1H), 
3.91–3.85 (m, 4H), 3.82 (dd, J1 = 11.5 Hz, J2 = 7.2 Hz, 1H), 3.50 (br s, 6H), 3.10 (dd, J1 
= 11.5 Hz, J2 = 3.0 Hz, 1H), 3.00 (t, J = 6.3 Hz, 2H), 2.72 (t, J = 6.5 Hz, 2H), 2.07–2.03 
(m, 4H), 1.71–1.60 (m, 28H), 1.56–1.47 (m, 4H), 1.36–1.28 (m, 4H), 0.67 (d, J = 6.7 Hz, 
3H); 13C NMR (125 MHz, CDCl3)  175.01, 175.00, 174.18, 174.15, 173.44, 173.40, 
154.8 (overlapping of four signals, all CH carbons), 144.1 (overlapping of two signals), 
143.30, 143.29, 142.43, 142.41, 142.314, 142.310, 139.22, 139.20, 136.7, 136.6, 136.5, 
135.4, 132.7, 132.5, 131.7, 131.6, 131.5, 131.4, 131.1, 130.2, 129.6 (overlapping of four 
signals, all CH carbons), 129.0, 128.9, 128.7, 127.7, 127.0, 126.4, 126.1 (overlapping of 
two signals), 125.994, 125.985, 125.6 (overlapping of three signals, all CH carbons), 
124.7, 123.9 (very broad signal), 123.7 (very broad signal), 123.282, 123.280, 123.2 
(overlapping of two signals, both CH carbons), 122.5, 121.3, 111.98, 111.96, 111.86 
(overlapping of two signals, both CH carbons), 104.16, 104.15, 103.94, 103.93, 88.2, 
87.1, 83.1, 82.5, 55.4, 50.21, 50.20, 49.6, 49.5, 44.9, 37.7, 36.37, 36.34, 35.6, 35.5, 33.1, 
32.0, 27.8, 27.7, 27.6, 27.02, 27.00, 25.9, 22.2, 21.8, 19.1; HRMS (APCI) m/z calcd for 
[M−2PF6]
+2 C105H110N12S2 817.4153, found 817.4147. 
Note: 1. Two considerably broader and consequently shorter signals at  123.9 (CH) and 
123.6 (CH) were observed. These signals to the carbons in the 1,2,3-triazole rings, with 
the breadth resulting from rapid relaxation caused by the directly attached 14N (a 
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quadrupolar nucleus). Compared to the signals at  123.9 and  123.7 in the 13C NMR of 
15, the signals at  123.9 (CH) and 123.6 (CH) were even more severely broadened. In 
the 13C spectrum of 16, we did not observe any carbon signals at the  ~146.5 region 
corresponding to the quaternary carbon in the 1,2,3-triazole rings, which were found in 
the case of 15. 2. The assignments were tentatively determined by comparing 13C and 
DEPT-135 spectra of 15, 16, 18, and 20. 
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